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EXECUTIVE SUMMARY 
Background 
Research into Micro Air Vehicles (MAVs) is a promising new area of practical fluid dynamics design and 

optimization. At Oregon State, one thrust of this research goal involves understanding the performance of small 

wings experiencing large displacements because of comparatively large variations in the wider flow. Small up- 

and down-drafts have minimal effect on larger wings, but the reduced scale of MAVs significantly increases the 

danger of these effects destroying the lift-generating capabilities of the aircraft. Previous Senior Capstone 

projects have designed and built a test wing and a pitching and heaving mechanism to move the wing through 

artificial motion profiles. 

 

Project Purpose 
This project adds to previous work by building a measurement system to quantify the performance of the wing 

as it undergoes these maneuvers. Unlike the existing sting balance, this device must be inexpensive and mount 

to the existing wing and support structure so it can move with the wing throughout the experiment. The device 

must be able to measure 5 lb loads in the lift and drag directions while rejecting signals from other forces and 

moments. It must take up minimal space and have as small an effect on the flow as possible. 

 

Design Selected 
The budget for this project is significantly below traditional wind tunnel measurement methods, requiring the 

project to design and implement a non-traditional configuration of load cells. The selected design utilizes a steel 

flexure to mechanically separate lift and drag forces from pitching moment and other extraneous loads, 

directing them to a pair of 5 lb Futek load cells. The resulting signals are amplified by a signal conditioning unit 

then digitized by an existing National Instruments DAQ. A LabVIEW program processes the signals to convert 

voltages back into lift and drag forces and further conditions the signal 

to account for errors induced by the pitching process. The entire system 

is easily calibrated and integrates with existing hardware and software. 

 

Implementation 
Thanks to careful design decisions, modifications of the design were 

minimal; the device is shown in Figure 1. Changes to the existing 

infrastructure to enable the pitching and heaving mechanism to support 

the increased load of the flexure were required, however. 

 

 Results 
Tests show that the device is able to achieve and maintain a calibration, 

to accurately measure forces, and that it does not impede the functioning of the existing hardware. Initial 

evaluation indicates that the measurement system exhibits better 

than expected linearity, noise, and settling time characteristics. 

Hysteresis from the plastic shield rubbing against the flexure body 

as well as long-term drift issues had to be resolved after testing. 

Figure 2 shows data gathered by the wing experiencing dynamic 

motion in 5 m/s airflow. 

 

Significance 
This device provides the final link required to produce meaningful 

experimental results of a MAV wing experiencing dynamic flight 

motions in an Oregon State wind tunnel. Beyond the immediate 

application, however, the device has an easily-adapted, backwards-

compatible sting balance attachment, enabling the same mechanism 

to be used on a wider array of measurement problems. 

Figure 1.  Completed Device 
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1. PROJECT DESCRIPTION 

1.1. Background 

 

Wind tunnels have become indispensible in the development and refinement of aerodynamic and 

hydrodynamic designs because of their ability to completely control the flow environment while allowing 

data to be gathered about the interaction between the body and the flow. Dimensional analysis allows 

designs normally much too big to fit in a wind tunnel to be approximated, further widening the utility of this 

diagnostic and predictive instrument.  

 

Central to most wind tunnel calculations, especially for aircraft wings and other fast-moving objects, is the 

measurement of lift and drag forces upon the body in question. These forces frequently correlate to 

important design parameters, such as fuel efficiency and minimum flight speed, so measuring them 

precisely and accurately becomes a very important aspect of any wind tunnel setup. 

 

Thus, the selection and design of the lift and drag measurement device is a topic of great concern and 

careful attention for wind tunnel users. In this senior project, the development of such a device is explored, 

as well as associated computational fluid dynamics (CFD) simulations to validate the resulting 

measurements and specify a valid range of operating conditions. As a result of this project, the large-scale 

wind tunnel at Oregon State will be outfitted with a measurement system that can be attached to a moving 

small aircraft wing, allowing further development and testing of the next generation of micro air vehicles 

(MAVs). 

1.2. Requirements 

To support the goal of measuring lift and drag on the wing without adversely affecting the effectiveness 

of the wing in simulating small aircraft flight leads to a lengthy list of requirements, describing 

everything from the sensors involved to the structure of the measurement device and its effect on wing 

motion and airflow. These requirements have to be carefully defined, as they will govern the design 

created and its effectiveness in fulfilling the customer’s desires. 

 

In the following sections, this list of requirements as the criteria for the device to be built will be listed 

and explored. 

1.2.1. Project Description 

The project description provided by the sponsors for the design problem serves as the foundational goal 

statement for the project, summarizing its purpose, outcomes, and requirements: 

 

This project is to design, build and test modifications to an existing flight motion mechanism that 

will provide direct transient force measurements (lift and drag) of micro air vehicle wing 

designs. The experimentally measured lift and drag coefficients will be compared with 

computational simulations of flow over a wing performing pitching or plunging maneuvers to 

help assess this validity.  Interactions with graduate students, faculty advisors’ groups and 

researchers at Air Force Research Laboratory may be possible. 

 

These requirements were updated after the first meeting with the project sponsors/advisors, and then 

subsequently as the term progressed.  The results of the computation simulations will also serve as a 

guideline for the range of flow conditions and maneuvers the measurement system can handle. 
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1.2.2. Customer Requirements (CRs) 

This section details the specific customer requirements that form the basis for the design decisions made 

over the course of the project. Each requirement is presented, described, and assigned a weight 

proportionate to its relative importance to the customer. 

 

 CR1. The device shall operate in the OSU large-scale wind tunnel. 

 The device shall be sized to fit within the wind tunnel. 

 Weight: Low Technical Effort 

 

CR2. The device shall be used with one airfoil and mount. 

 This device need only be able to measure aerodynamic forces on one base/wing pair, though the 

user intends to eventually extend the design to other wings, so having a connection that can be 

easily adapted to new wing configurations is desired, though not required. 

 Weight: Low Technical Effort 

 

CR3. The device shall not alter general flow features over the wing. 

 The device shall not extend beyond the leading edge of the wing or generate excessive 

turbulence. 

 Weight: 35 

 

CR4. The device shall measure aerodynamic forces with an acceptable sensitivity. 

 In order to obtain meaningful data from the low loads experienced by the device, its 

measurements must be sensitive to discern very small changes in lift and drag. 

 Weight: 35 

 

CR5. The device shall measure aerodynamic forces over an acceptable range. 

 In order to operate in the desired flight envelope, the device shall be able to measure an 

appropriate range of lift and drag values. 

 Weight: 30 

 

CR6. The device shall maintain a secure attachment to the existing support structure. 

 The physical security of the valuable wing model must be maintained and modifications to the 

existing support structure should be avoided. 

 Weight: 25 

 

CR7. A numerical model of the moving wing shall be constructed. 

 A digital model of the wing shall be designed to support CFD simulation of the wing in pitching 

and heaving maneuvers. 

 Weight: 20 

 

CR8. The range of operating conditions in which the device can gather meaningful data shall be 
specified. 

 Simulation and testing shall be employed to set and validate this range so future work knows the 

range of flow rates the design can accommodate. 

 Weight: 20 

 

CR9. The device shall not reduce the range of motion of the wing. 

 The device with wing attached shall neither retard the rate of motion of the mount, reduce its 

total range of motion, nor exceed its maximum operating loads. 

 Weight: 15 
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CR10. The device shall tolerate 10 m/s wind velocity with a wing attached without significantly 

increasing wing vibration. 
 With an attached wing, the device shall not break or reduce connection rigidity under 10 m/s 

wind velocities. The aerodynamic properties of the wing can be seriously affected if the wing 

vibrates because it is not securely connected to the base. 

 Weight: 15 

 

CR11. The device output shall interface with an existing LabVIEW program. 

 Both lift and drag parameters shall be displayed in a LabVIEW interface and shall communicate 

with the existing controller LabVIEW programs. 

 Weight: 15 

 

CR12.  The device shall be calibrated using static loading. 

 Static weights shall be used to calibrate the measurement system and compensate for 

environmental variation and other sources of drift. 

 Weight: 15 

 

CR13.  The budget shall be adhered to. 

 Project expenditures shall stay within the $2500 budget. 

 Weight: 15 

 

CR14. The device shall keep the wing’s axis of pitching near the trailing edge of the wing. 

 To reduce unwanted translation during a pitching maneuver, the effective axis of pitching shall 

be near the wing’s trailing edge. 

 Weight: 10 

 

1.2.3. Engineering Requirements (ERs) 

The Engineering Requirements section describes the specific, achievable specifications that will be 

sought to fulfill the customer requirements. Each engineering requirement maps directly to one or more 

customer requirements, as shown on the House of Quality (Seciton 1.2.6), and described here with a 

target and tolerance, as well as a brief justification. 

 

ER1.  Maximum Dimension of Measurement Device 

Target: 100 cm 

Tolerance:  <1.5 m 

Justification:  This size will fit inside the wind tunnel with room to spare.  It does not have to be 

portable, so making the device any smaller is not a strict requirement. 

 

ER2.  Manufactured to interface with existing mount on wing 

 Target: Yes 

 Tolerance: N/A 

 Justification:  The device must attach to the existing wing. 

 

ER3.  Manufactured to interface with existing support structure 

 Target: Yes 

 Tolerance: N/A 

 Justification:  The device must attach to the existing support structure. 
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ER4.  Distance between leading edge of the horizontal wing and the device 

 Target: 20 cm 

 Tolerance: >10cm 

Justification:  This distance is sufficiently far behind the leading edge so that it does not interrupt 

air flow in front of the wing. 

 

ER5.  All measurement and support structures shall be smoothed in airflow direction 

 Target: Yes 

 Tolerance: N\A 

Justification:  Smooth structures will not alter flow features over the wing. 

 

ER6.  Design’s lift sensitivity 

 Target: 0.02 N 

 Tolerance: < 0.07 N 

Justification:  The sensitivity will be determined based on the mechanical design, available load 

cells, signal conditioner selection, and DAQ accuracy. 

 

ER7.  Design’s drag sensitivity 

 Target: 0.02 N 

 Tolerance: < 0.07 N 

Justification:  The sensitivity will be determined based on the mechanical design, available load 

cells, signal conditioner selection, and DAQ accuracy. 

 

ER8.  Range of lift measurements 

 Target: 40 N 

 Tolerance: 30 N < x < 60 N 

Justification:  Initial dynamic calculations show that this range should capture all forces on the 

wing. 

 

ER9.  Range of drag measurements 

 Target: 40 N 

 Tolerance: 30 N < x < 60 N 

Justification:  Initial dynamic calculations show that this range should capture all forces on the 

wing. 

 

ER10.  Device shall not contribute to undue wing vibration 

 Target: Yes 

 Tolerance: N/A 

Justification:  Increased wing vibration would produce inaccurate results and would also point to 

an insecure attachment to the existing support structure. Because this engineering requirement is 

hard to quantify, it will be measured qualitatively by the customer and the results will reflect 

their decision. 

 

ER11.  CFD program functions 

 Target: Yes 

 Tolerance: N/A 

Justification:  This target ensures that the model is complete. 
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ER12.  Model accurately reflects moving wing physics 

 Target: Yes 

 Tolerance: N/A 

Justification:  This target ensures that the model describes reality. 

 

ER13.  Model produces reasonable range of lift and drag conditions 

 Target: Yes 

 Tolerance: N/A 

Justification:  The CFD model needs to specify the operating envelope of the sensor, so if it 

produces a reasonable range of lift and drag conditions, then the model is accurate. 

 

ER14.  Range of pitching motion 

 Target: 0° to 20° 

 Tolerance: ≤0°, ≥15° 

Justification:  By adding weight to the system, the servo motors are expected to have more 

difficulty moving and consequently a smaller range of motion. 

 

ER15.  Maximum heaving amplitude 

 Target: 2.52 cm 

 Tolerance: >2.0 cm 

Justification:  This is the current range of the heaving device, and the new addition should not 

reduce it, but the added weight of the new design may reduce the ability of the motor torque to 

overcome the weight of the device in some conditions. 

 

ER16.  Withstand 10 m/s air speed with wing attached 

 Target: Yes 

 Tolerance: N/A 

Justification:  This is twice the design speed, and therefore the device should remain in good 

condition should the wind tunnel produce high-speed flow. 

 

ER17.  Lift and drag data appears within controller LabVIEW program 

 Target: Yes 

 Tolerance: N/A 

Justification:  Data must be viewable and processed in the existing LabVIEW program in natural 

units. 

 

ER18.  Accuracy of LabVIEW program calibration results 

 Target: 2%FS 

 Tolerance: < 5%  

Justification:  This target ensures the results are useful to the project sponsors. 

 

ER19.  Total expenditures 

 Target: $2000 

 Tolerance: $1500 < x < $2500 

Justification:  The budget is set at $2500, but should be minimized. 
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ER20.  Distance between axis of pitching and trailing edge of the wing 

 Target: 5 cm 

 Tolerance: <15 cm 

Justification:  Minimal distance between axis of pitching and trailing edge maximizes heaving 

range. 

1.2.4. Testing Procedures (TPs) 

The Testing Procedures described in this section specify how the engineering requirements listed above 

will be verified when the design is complete. Each testing procedure tests a single engineering 

requirement as described in this section. 

 

TP1.  Measure the device dimensions 
The dimensions of the mechanical components of the system shall be measured with a yard stick 

or tape measure to determine their maximum dimensions along the air flow direction, vertically, 

and horizontally when in the flat position. Photos of each measurement shall be taken for 

verification. 

 

TP2.  Attach wing to device using prescribed method 
The wing shall be mounted to the device. A picture of the device thus mounted and free-standing 

shall suffice to satisfy the test. 

 

TP3.  Attach device to support structure using prescribed method 

The device shall be attached to the support structure and a picture of the device thus mounted and 

free-standing shall suffice to satisfy the test. 

 

TP4.  Measure Leading Edge Distance 

A caliper, scale, or other measurement device shall be used to determine the distance between the 

leading edge of the wing held in the horizontal position and the front-most exposed feature of the 

device when attached to the wing. 

 

TP5.  Approval from Professor Liburdy with visual inspection of design profile 
Three descriptive photos of the final device shall be presented to Professor Liburdy for his 

inspection and sign-off. 

 

TP6.  Measure lift resolution 
The entire assembled system will be calibrated, then lift and forces will be applied on the wing in 

varying amounts. The data gathered from these forces will be analyzed after calibration without the 

use of digital smoothing to determine the minimum force increment that can be resolved and this 

value will be reported, along with a descriptive graph. 

 

TP7.  Measure drag resolution 
The entire assembled system will be calibrated with the same calibration as in Testing Procedure 6, 

then drag and forces will be applied on the wing in varying amounts. The data gathered from these 

forces will be analyzed after calibration without the use of digital smoothing to determine the 

minimum force increment that can be resolved and this value will be reported, along with a 

descriptive graph. 

 

TP8.  Measure maximum lift measurement values 
The entire assembled system will be calibrated with the same calibration as in Testing Procedure 6, 
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then upwards and downwards forces will be applied in several (known) amounts. The data 

gathered from these forces will be analyzed to determine the maximum force that can be resolved 

before clipping (from the load cell, flexure assembly, signal conditioner, or A/D unit) occurs and 

this value will be reported, along with a descriptive graph. Vertical forces will be created in the 

downward direction with weights and in the upwards direction either with weights and pulleys or a 

spring scale, and pictures will be used to document the loadings. The range of lift measurement is 

defined as the lowest measurable lift force subtracted from the highest measurable lift force. 

 

TP9.  Measure maximum drag measurement values 
The entire assembled system will be calibrated with the same calibration as in Testing Procedure 6, 

then drag and counter-drag forces will be applied in several (known) amounts. The data gathered 

from these forces will be analyzed to determine the maximum force that can be resolved before 

clipping (from the load cell, flexure assembly, signal conditioner, or A/D unit) occurs and this 

value will be reported, along with a descriptive graph. Drag forces will be created using either 

weights and pulleys or a spring scale, and pictures will be used to validate the loading cases. The 

range of drag measurement is defined as the lowest measurable drag force subtracted from the 

highest measurable drag force. 

 

TP10. Approval from Professor Liburdy with visual inspection of wing vibration 
A movie of the wing experiencing flow in the wind tunnel shall be recorded and the results 

presented to Professor Liburdy for his inspection and approval. 

 

TP11. Test the functionality of the CFD program 
The CFD program shall be deemed functional if it can be compiled and run without errors. Screen 

shots of the appropriate logs shall serve to support this result. 

 

TP12. Test the realism of the model physics 
The accuracy of the moving wing model shall be tested by comparing the range and nature of the 

pitching and heaving motion experienced by the physical wing with that produced by the model. 

Additionally, the area of the wing shall be measured in several orientations to ensure mass is 

conserved. The test shall be passed if Dr. Apte signs off on these comparisons adequately 

representing reality. 

 

TP13. Compare results to tests 
The results of the CFD simulation with the wing fixed at a given orientation will be compared with 

the experimental data collected by Florian Kapsenberg’s ME 406 report. The test will pass if the 

CFD simulation is within a factor of two of the experimental data. 

 

TP14. Measure the range of pitching motion 
The procedure shall be as follows: In LabVIEW, command device to pitch as low as possible.  

Measure the pitching angle of the wing angle with a protractor held against a plumb bob.  Then 

command device to pitch as high as possible and measure the angle again. 

 

TP15. Measure the heaving amplitude 
The procedure shall be as follows: In LabVIEW, command device to lower completely.  Measure 

height from base with a tape measure, documenting with pictures.  Then command device to raise 

completely, measuring the height from base again.  Subtract raised height from lowered height to 

obtain heaving amplitude. 
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TP16. Test the safety of the system at 10 m/s 
A known load shall be applied to the Lift and Drag load cells and the resulting voltage measured. 

Then the wing, device, and supports shall be assembled and placed in 10 m/s air flow. Under these 

conditions, the security of the wing shall be verified by taking pictures and video. After subjecting 

the system to this environment, the load cells shall again be removed and the test load re-applied. 

The test shall pass if the pictures/video are approved by Dr. Liburdy and the load cells produce the 

same output (+/- 3%) after as before. 

 

TP17.  Test the lift and drag measurement functions 
The program shall be run to test the functionality of the following components. For each 

component, the inputs described will be applied and screen captures shall demonstrate that it 

produces valid outputs.  

i. Lift & Drag Measurement: The lift and drag channels shall be excited to a known valid 

voltage and the program shall display valid outputs (not necessarily correct, just valid) 

ii. Pitching and Heaving Adjustment: The existing pitching & heaving control program 

shall be instructed to pitch the wing to 15 degrees and the lift & drag forces reported 

shall be transformed accordingly by the program. This test shall pass regardless of 

whether the wing is able to attain a 15° angle of attack. 

 

TP18.  Test the calibration function 
The calibration features of the program shall be tested by applying two known voltages on the lift 

and drag channels, then having the program calibrate such that the reading the program displays 

reflects the appropriate value in both cases to within the specified tolerance. 

 

TP19.  Determine total expenditures from BOM costs 
The final projected costs of the project shall be deemed below the expenditure limit if the sum of 

the expended funds is below the prescribed budget. 

 

TP20.  Measure trailing edge distance 
The distance shall be measured with a caliper or tape measure and documented with a picture. 

 

 

1.2.5. Design Links (DLs) 

This section details the design links, which demonstrate how each engineering requirement listed in 

Section 1.2.3 informed the design decisions made in the development process. Each design link 

corresponds to a single engineering requirement and is described here in a brief paragraph. 

 

DL1. Device maximum dimensions 

The overall device dimensions are kept small and bulky components are avoided wherever 

possible. This engineering requirement is filled almost automatically by ER5, which requires that 

the structure be smooth and small in the airflow direction, and ER 20, which requires that the 

axis of pitching be kept close to the trailing edge of the wing. 

DL2. Wing mount interface 

The flexure is designed with a cylindrical attachment to insert into the wing mount, a cylinder 

that matches the design of the wind tunnel sting balance, making it compatible with any of the 

models used with the current measurement system. In addition, the selected design incorporates 

an easy-to-change-out attachment scheme, allowing a future user to fabricate their own 

attachment with minimal effort. 
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DL3. Structure mount interface 

The flexure is designed with two bolt holes for attachment to a new pitching arm that interfaces 

with the existing support structure. The CAD for the support arm is directly derived from the 

CAD file for the part it is replacing, ensuring compatibility. 

DL4. Leading edge distance 

The wing is designed to attach to the front of the flexure, so the device is located as far back as 

possible while still interfacing with the existing wing mounting structure, extending less than 3 

cm beyond the wing’s trailing edge. This criterion competes almost directly with ER 20, but 

since CR3 (which is associated with ER4) is weighted more highly than CR14 (related to ER20), 

this requirement was given precedence in the final design. 

DL5. Airflow smoothing 

A plastic sheet will cover the device and ensure that the airflow remains as uninterrupted as 

possible. Special attention is given to the leading edge in the manufacturing plan because the 

leading edge is the one most likely to influence wing flow. 

DL6. Lift sensitivity 

Lift sensitivity is the result of a complex interplay between the flexure design, the load cells, the 

signal conditioner, and the DAQ unit.  The testing procedures stipulate that software dithering be 

disabled when measuring this engineering requirement, so the fundamental sensitivity/resolution 

limit is the least significant byte (LSB) on the A/D converter. The 12-bit A/D converter has 4096 

states, only half of which will be used because the flexure utilizes the load cells only in the 

compressive state and the signal conditioner’s gain is fixed. The efficiency of the flexure in 

transferring the applied load to the load cell also contributes significantly, and the flexure was 

designed specifically to map the maximum applied load to the limits of the load cell. 

DL7. Drag sensitivity 
Drag sensitivity design was carried out in a manner analogous to DL6. Please see comments 

above. 

 

DL8. Range of lift measurements 

The maximum lift force specified by the customer was considered carefully when selecting load 

cells and designing the flexure. The maximum range of the load cell selected must match the 

maximum load transferred to the cell by the flexure under design load. 

DL9. Range of drag measurements 

Drag design range was also used in the specification of load cells and the design of the flexure. 

Since the certainty on this quantity is particularly low, an investigation was made to determine 

the feasibility of changing the scale by replacing the load cell down the road with one of a 

different value. 

DL10. Wing vibration reduction 

Wing vibration must of necessity increase somewhat in any design that inserts a component 

between the wing and the support structure. This effect is minimized in the design by machining 

the flexure assembly out of a single component, avoiding give that could amplify vibration from 

joints, and by ensuring that the structure is wide enough to still firmly support the structure. In 

addition, an analysis of the natural frequencies of the flexure structure helps predict the degree to 

which resonance will affect the vibration of the wing. 
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DL11. Functioning CFD program 

A functioning program is a fundamentally necessary component of the CFD portion of the 

design. To ensure the program functions, steps will be taken to base the new code off of existing 

tested design and to take small, incremental steps towards the final goal. 

DL12. CFD model physical accuracy 

In order to ensure that the modeled wing accurately reflects the physics of the moving wing, the 

geometry of the final moving structure will be used as a basis by which to determine the 

appropriate motions to simulate, and normal conventions in CFD analysis will help to ensure that 

the physical reality of the flow is modeled to an appropriate degree of accuracy. 

DL13. CFD model reasonable 

The iteration of the CFD design will incorporate checks against the degree to which the 

intermediary results are feasible given the known characteristics of the airfoil in a steady-state 

stream. 

DL14. Range of pitching motion 

Geometrically, the device does not hinder the pitching motion at all, however, both device 

weight and distance between the trailing edge and the pivot point will affect the pitching range 

before servo motor stall. For this reason, both of these quantities have been minimized in the 

design. 

DL15. Maximum heaving amplitude 

The device does not geometrically constrain the heaving motion.  However, adding extra weight 

will likely cause the heaving servo to fail, since the current design does not allow the device to 

fully function.  A counterweight will likely be required so that less torque is passed through the 

servo, but the design is reserved until its necessity is apparent as it would also decrease the 

responsiveness of the system by adding inertia. 

DL16. Withstand 10 m/s airflow with wing 

To protect against loadings from a velocity double the design case, the flexure and load cells 

were chosen to provide a high factor of safety over the design loads. The limit loads are 

compared against the 10 m/s experimental lift load as well as the dynamic loading from the 

pitching and heaving mechanism to ensure safety. 

DL17. Lift and drag data appear in LabVIEW control program 

Fulfilling ER 17 is the primary goal of the software component of the project. Towards this end, 

the software is designed to acquire, process, convert, null, and display the data acquired from the 

DAQ board as force applied to the wing. 

DL18. Accuracy of LabVIEW calibration 

The accuracy and effectiveness of the calibration process is an important factor in the design and 

affects the choice of storage mechanisms within LabVIEW, as well as the calibration procedure 

itself. 

DL19. Total expenditures 

Several aspects of the design keep the budget within a reasonable range.  A two load cell design 

is selected because it is cheaper than a single 3 axis or 6 axis load cell.  This reduces the 

accuracy of the system and increases the complexity of the design while reducing the number of 

axes that can be measured, but saves several thousand dollars.  The load cells are chosen with 
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price as one of the most important factors.  The flexure is designed with minimal holes and 

pockets so that it can be made by wire electro-discharge machining as inexpensively as possible. 

DL20. Distance between the axis of pitching and the trailing edge of the wing 

The flexure is designed to be as narrow as possible with respect to its width.  The vertical beams 

are optimized so that they do not contribute greatly to crosstalk, but also so that they are as 

narrow as possible.  

 

1.2.6. House of Quality 

The House of Quality provides a compact view linking the customer and engineering 

requirements, showing much of the information from the previous sections in a single table. The 

House of Quality can be found on the next page. 
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2. EXISTING DESIGNS, DEVICES, AND METHODS 

2.1. System Level 

Several different methods have been used with great success to measure the lift and drag on bodies in a 

wind tunnel. Each method brings with it certain advantages as well as certain limitations, and different ones 

are chosen depending on the situation. Because the goal in this design is to measure forces during dynamic 

pitching and heaving of a wing, some of the more traditional methods do not work as well. Additionally, 

because the magnitude of the forces to be measured is relatively small (this is a small wing in low-speed 

flows), sensitivity becomes an important design parameter. 

 

In the following sections, three existing solutions to this problem will be explored, including the benefits 

and drawbacks of each. Though not comprehensive, this list provides a summary of the most commonly 

used measurement methods. Most notably absent from this discussion is the numerical model of the wing 

the project will build. Because this model must operate within the context of prior work and the simulation 

environment available, very little design choice is presently available in this area, so the existing design, 

device, and method section will focus on the mechanical aspects of the project. 

2.1.1. Traditional Load-Cell Balance 

Dating back to the 1960’s, these devices measure the model’s aerodynamic forces using a series of 

levers and some form of load-measuring device (frequently a load cell, though strain gages are 

sometimes used). Generally fairly complicated, Figure 3 shows an early wind tunnel balance from the 

1960’s. 

 
Figure 3.  Traditional cantilever balance [1] 

 

Though a long-standing method of measuring aerodynamic loads, such a balance creates difficulties for 

this implementation. Because the wing is pitching and heaving, both the wing itself and the support 

structure responsible for creating this motion would need to be put on the balance, which means the 

measurement must carry a very large static load while measuring small fluctuations very precisely. 

Additionally, the drag created by the support structure itself would be included in any measurements 

taken, though this could be zeroed with sufficient calibration. 

 

The advantages of such a device are worth noting, however: because the majority of the measurement 

system exists outside the wind tunnel, restrictions on drag, weight, and bulkiness are significantly 

reduced, which reduces complexity and cost. Also, careful use of balances can ensure excellent 
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separation of the lift and drag forces, reducing sensor error and noise, and hard stops can prevent sensor 

overload. Finally, the range of motion of the wing and axis of pitching is completely independent of the 

measurement system in this case, fulfilling those customer requirements. 

2.1.2. Sting Balance 

A more recent and more compact approach involves an integrated force-measurement device called a 

Sting Balance. These compact and self-contained balances generally employ strain gages and are 

capable of measuring in three to six axes simultaneously.  These are the drag, lift, and side forces, and 

the roll, pitch, and yaw moments. The sting can be attached to an internal balance within the airfoil [2] 

or to a connector that fastens to the airfoil [3]. Their small size makes them readily suited for placement 

between the model and the support/driving mechanism. Figure 4 shows a drawing of such a sting 

balance, produced by Modern Machine & Tool Co., Inc [4]. 

 
Figure 4.  Sting balance schematic. “L” can be as small as 4 inches [2]. 

 

These measurement units meet many of the customer requirements extremely well. They have high 

sensitivities and large ranges of operation, and can be easily mounted to the wing directly, so no large 

static loads are present. Having a very small aspect ratio keeps them from perturbing the flow more than 

absolutely necessary, and the small overall size allows the pitching axis of the wing to remain close to 

the trailing edge of the wing. 

 

The most significant disadvantage with this solution is cost. These balances are frequently custom-

machined for each user and can cost many times what a traditional load cell balance might cost. 

Additionally, their complex construction causes them to be intolerant of high loads, leading quickly to 

failure. 

2.1.3. Load Cells 

A second type of strain gauge device involves a load cell as an intermediary between the support 

structure and the airfoil.  In this type of setup, an arm attached to the wing will transmit the aerodynamic 

forces to the load cell. The load cell is attached to the overall support structure. Using one or two load 

cells is much less expensive than the 6 axis sting balance, but less money equates to less functionality 

and more time to implement the design.  There are several types of load cells, ranging from beams that 

measure bending moments to cylinders measuring axial forces.  Different configurations of load cells 

can be used to measure forces in any direction. 

 

One major problem that exists with using multiple load cells is cross talk.  The force that one load cell is 

measuring may inadvertently affect the force measured by the other load cell.  A shear force on a load 

cell measuring a bending moment will skew the output.  Extensive literature exists that suggests load 

cell placements to reduce this source of error.  An example of a similar application is shown in the 

referenced data sheet for a load cell mechanism from Tecquipment used in wind tunnels [5]. 
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2.1.4. Discrete Strain Gages 

A third method of measuring forces and/or moments on wind tunnel bodies involves using a series of 

discrete strain gages placed in such a way as to measure the desired quantities as the support structure 

itself strains under the applied loads. There does not appear to be consensus on how to build such 

mechanisms; designs vary with budget and application. One example of this type of device can be seen 

in the thesis by T.C. Witushynsky [6], where an L-shaped beam support structure had machined-out 

pockets for the strain gauges on each arm. In this case, the combination of strain gauges was able to 

calculate the applied aerodynamic forces on the wing model.  Another example is shown in [7]. 

 

Discrete strain gages applied to either existing or additional supporting members have several 

advantages. They have the potential to accurately measure a wide range of loadings with high accuracy, 

and the customizability of the device allows it to be tailored to each specific situation. This solution also 

presents a significantly lower cost than sting balances. 

 

Disadvantages include increased interference with the air stream due to bulkier construction, as well as a 

significant moving of the center of pitch away from the wing trailing edge. Finally, since the solution is 

customized, exact specifications, error ranges, and load limits cannot be obtained from a datasheet but 

must instead be determined experimentally. 

2.2. Component Level 

All three designs in Section 2.1 combine a variety of functions desired by the customer. In this section, a 

more detailed exploration will be made into three of the primary device functions, with alternatives for each 

individual function described in more detail. Though the system could be decomposed in several different 

ways, in this section the force measurement function will be examined, the wing support function, and the 

data transmission/conversion function. 

2.2.1. Component #1: Measurement Function 

The primary goal of the device is to measure aerodynamic forces being exerted on the wing. The 

Measurement Function covers the sensing of these forces and their subsequent conversion into electrical 

signals. The measurement of force is not a new problem, with solutions dating back millennia in the 

form of balancing scales, but the constraints of this implementation require an electrical output signal, 

leading to fewer and more modern approaches to force measurement. 

2.2.1.1. Strain Gages 

Research and experience indicate that the most common force-measurement strategy in wind-tunnel 

environments involves strain gages [8]. Strain gages consist of a series of thin, long wires securely 

attached to a loaded member. As the member strains, the wires strain with them, changing the 

resistance in the wires, a change that can be detected by a Wheatstone bridge and fed into a data 

acquisition device. 

 

This approach has several advantages in fulfilling the customer requirements. The strain gage is 

small, requiring very little disturbance of airflow (CR 3), and very little additional structure between 

the wing and the supports, which keeps the axis of pitching close to the trailing edge (CR 13). Strain 

gages are available within the budget requirements (CR 12), and can be found at various sensitivity 

and range specifications (CR 4-5). Strain gages are attached to metal support structure, so wing 

vibration should not be increased (CR 10). However, individual strain gages can be sensitive to off-

axis flexure as well as changes in temperature, requiring additional calibration.  The expense saved 

in monetary costs will be instead paid in troubleshooting time. 
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2.2.1.2. Load Cells 

Load cells, a series of strain gages designed to measure force more precisely in one or more axes, are 

also a viable way to measure aerodynamic forces. Load cells are self-contained devices, requiring 

much less effort to set up and calibrate than individual strain gages, and can achieve higher 

sensitivities with less influence of off-axis loading [9]. 

 

As a method of fulfilling customer requirements, load cells are similar to strain gages (Section 

2.2.1.1). However, they are generally bulkier, inducing more flow disturbance because of their 

greater size and potentially moving the axis of pitching further away from the trailing edge. 

Additionally, load cells are much more expensive than strain gages, potentially creating difficulties 

meeting the budget requirements. Load cells present a valid way of fulfilling the measurement 

function. 

2.2.1.3. Displacement Sensors 

A third approach for measuring force on members is to measure the larger displacement of a spring 

placed in the load path. Fixed magnets on one member and a series of Hall-effect sensors on the 

other could accurately measure displacement [10]. 

 

This method allows high precision measurement because instead of measuring deflections of 

micrometers, mechanical movements of millimeters can be more-precisely measured. Additionally, 

the surrounding mechanism can reduce the influence of off-axis loading, and the nature of the spring 

causes it to be insensitive to temperature. However, the bulkiness of this solution could prove 

prohibitive; it requires much more space and thus increases interference with the airstream. Perhaps 

more importantly, such a mechanism could induce vibrations on the wing and the chance of spring 

breakage could violate CR 10 and create error in transient measurements. Despite these limitations, 

this solution effectively measures aerodynamic forces. 

2.2.2. Component #2: Wing Support 

Regardless of how force is measured, CR 6 requires a secure attachment to be maintained between the 

wing and the supporting structure. Any force measurement scheme used will require the addition of at 

least one member in the load path, and the nature and construction of that member affects the device’s 

ability to meet customer requirements. 

2.2.2.1. Sting Balance Beam 

One of the more popular implementations of the strain gage design from Section 2.2.1.1 is an 

integrated sting balance beam, similar to the sting balance from overall design Section 2.1.2. In this 

case, a manufacturer designs the strain gages and surrounding support structure to acquire the 

appropriate measurements and simultaneously provide the connecting beam between the wing and 

the supporting structure [9]. Brackets would be required to attach the balance to the wing and 

support structure. 

 

This design has several advantages. The security and rigidity of the wing support can be maintained; 

the sting balance itself is frequently carved from one piece of stainless steel, and is rated for much 

higher loads than would actually be seen. Additionally, the compact nature of the balance causes it to 

present very little impact on the flow, fulfilling CR 3. However, such a system is frequently custom-

built for each application, and that can make it very expensive. 
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2.2.2.2. Machined L-Beam 

As demonstrated in the Master’s thesis of Tim Witushynsky [7], a safe connection between the 

airfoil and support structure can be made while incorporating devices to measure the aerodynamic 

forces. The L-shaped beam this case was specially designed for security in connection. Its 

monolithic shape allows it to minimize any extraneous vibrations which could potentially create 

noise in the data collected. 

 

The advantage of this technique is its inexpensiveness; most of the design and construction can be 

performed in-house.  Additionally, complete control over the layout ensures the design of the beam 

minimizes flow influence (CR 3). The security of the attachment can also be assured because the 

construction would be pure aluminum. However, the distance between the axis of pitching and the 

trailing edge would be increased much more than with a sting balance. 

2.2.2.3. Cradling the Entire Structure 

A third alternative to fulfill this function is to measure forces between the support structure that 

generates the pitching and heaving and the wind tunnel floor. In this case, the device can be much 

larger and sturdier because its distance from the wing reduces the effect structures have on the 

airflow going over the wing [1]. 

 

The larger structure increases the security of the wing and the freedom of the design, including 

exploration of non-traditional force measurement schemes such as that in Section 2.2.1.3. Because 

more inertia is present, the likelihood of inducing vibrations in the wing is significantly reduced (CR 

10). Because the wing and support structure remain directly attached, the range of motion of the 

device and the location of the pitching axis remain unchanged (CR 9, 14). However, the effect of this 

design on the specifications of the sensors is more pronounced. The sensors must handle a much 

higher static loading because it must support the weight of the entire support structure and wing 

combined. 

2.2.2.4. No Change in Connection 

As the system currently functions, the airfoil is attached directly to the arm structure which controls 

the pitch and movement of the wing. A possibility in design could be to leave this connection intact, 

but attach the strain gauges to the exterior of the connection, or on the structure beams themselves. 

Leaving the current support system intact allows the rigidity to be maintained and leaves the 

connection undisrupted. 

2.2.3. Component #3: Data Transmission/Conversion 

In addition to just sensing the force present in the wing support, this information needs to be transferred 

from the device and converted into a form that can be interpreted by the LabVIEW program. Though 

this function does not appear directly in the customer requirements list, it is essential to support the 

accurate reading of the measurements, which is necessary to test most of the CRs. Also, the way this 

problem is solved can affect the performance of the system. 

 

The specific details of the circuit involved for data cleaning are omitted from this analysis, though a 

Wheatstone bridge could be utilized to amplify and clean the signal before conversion. 

2.2.3.1. Wires and Existing DAQ 

The lab has an already-present National Labs digital acquisition unit (DAQ) that is being used to 

control the pitching and heaving motion, as well as take data from other aspects of the wind tunnel. 
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One way of fulfilling the data transmission & conversion function is to utilize this existing DAQ, 

running wires directly from the strain gages to A/D inputs. 

 

The simplicity of this approach is appealing: It uses a minimum of hardware and utilizes the A/D 

converter already present in the DAQ.  However, the length of cables between the strain gages and 

the measurement system create the potential for interference from other sources, increasing the error 

in the measurement. Additionally, there is some question about whether the already-present DAQ 

has enough channels to accommodate these new signals, or is sensitive enough to detect the small 

change in voltage produced by a Wheatstone bridge circuit. Despite these drawbacks, this approach 

successfully fulfills CR 11 by allowing the results to be displayed in LabVIEW. 

2.2.3.2. Wireless Link 

An alternative to the wired option discussed above involves utilizing a small wireless link to transmit 

the data between the sensors and a receiver connected to the computer. In this approach, a small, 

battery-powered A/D converter and transmitter is attached to the device, which collects the data 

from the strain gages and transmits a wireless signal to the receiver, located by the computer. This 

receiver translates the wireless signals back into a digital byte-stream, which can be fed directly to 

LabVIEW. 

 

The advantage of such a method is twofold. First, the wireless link does not require space on the 

DAQ unit because the A/D conversion is done on the device itself. Additionally, any drag produced 

by the wires is eliminated (CR 3), and signal losses from interference on the wires are significantly 

reduced, helping CR 4. The disadvantage of this approach is its complexity. Small wireless systems 

such as this are fairly inexpensive but difficult to set up and maintain.  

2.2.3.3. Wired, Remote A/D Conversion 

A compromise between the two above approaches can be conceived where the signal processing and 

A/D conversion is done on the measurement device itself, then a serial digital byte stream is sent 

back to the computer over wires to a serial port or auxiliary digital input on the DAQ unit. 

 

This scenario reduces the likelihood of noise from the environment affecting the reading because 

analog signals are not being sent long distances (helping CR 4). Additionally, it reduces the number 

of wires running to the device (to three instead of four or more), reducing cost because no small 

signals need to be shielded (CR 19). Finally, it could potentially free up space on the DAQ for other 

uses.  
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3. DESIGNS CONSIDERED 

In this section, several proposed solutions to the design problem are proposed, and the pros and cons of each are 

qualitatively discussed. The six designs considered all attempt to use the knowledge gained from analyzing 

existing designs, devices, and methods with the customer and engineering requirements specified for this 

particular scenario. 

3.1.  Design #1 – Strain Gauges Directly Applied to L-Shaped Beam 

With this type of design, the strain gauge is located directly on a beam as part of the support structure. 

When the aerodynamic forces of lift and drag act on the airfoil, the forces are transferred to the support 

structure and cause bending strain on the beams. Because the strain gauges are applied directly on the L-

shaped beam, they translate these known stresses into calculations for the lift and drag forces. An example 

of this type of device can be seen in the thesis by T.C. Witushynsky [7], where L-shaped beam support 

structure is machined with pockets to concentrate the stress for the strain gauges on each arm. In this case, 

the combination of strain gauges calculates the applied aerodynamic forces on the wing model. 

However, the moments created by lift and drag propagate down the beam together, as shown in Figures 3 

and 4, making it difficult to distinguish between them and reduce cross-talk. Additionally, any pitching 

moment the system is exposed to would be picked up by the strain gages, making it difficult to distinguish 

lift and drag forces from pitching moments. 

 

Figure 5:  Strain Due to Drag Force     Figure 6:  Strain Due to Lift Force 

The vertical beam would likely cause an unacceptable amount of flow disruption, so the design will require 

a plastic shield to reduce drag.  This would attach only at one point on the structure, eliminating any effect 

on the strains, but the shape will allow the device to be much more aerodynamic.  This kind of shield can be 

used for several of these designs to reduce drag on the structure without altering the strain pattern. 

 

The data for this method would be collected off of a Wheatstone bridge for each axis, then transmitted over 

cables to the A/D converter, which converts the signals into digital signals that can be interpreted by 

LabVIEW. 

3.2. Design #2 – Strain Gauges Directly Applied to Straight Beam 

Similar to Design #1, this design uses strain gauges set up on alternating sides of a straight beam section. 

These strain gauges are placed in such a way so as to isolate the lift (shear) and drag (normal) forces along 

each axis. Because this piece is straight instead of in an L-shape, the distance between the applied load and 

the sensors is reduced so the effect of moments is less. The design is more simplistic, and therefore easier to 

calculate the static and dynamic forces acting on it, but there is a high uncertainty in the effectiveness of 

positioning the load cells in an effective manner. Like Design #1, this design uses Wheatstone bridges to 

collect the signals and transmits them over wires to the A/D converter in the DAQ unit. 
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3.3.  Design #3 – Six-Axis Load Cell 

One way to resolve this uncertainty is to use a pre-packaged strain gage bridge in the form of a load cell. 

The load cell acts as an intermediary between the support structure and the airfoil: an arm attached to the 

wing will transmit the aerodynamic forces to the load cell, which will measure them, then transmit them to 

the support structure. Unlike the first two designs, instead of having a single beam that acts as the load path 

between the wing and the supports, the beam must be interrupted and rigid (bolted) joints must instead be 

introduced. An example of a similar application is seen in Tecquipment [5]. The main benefit of this design 

is that the load cell manufacturer has put in years of research into refining the design and isolating the 

external forces. This limits the complications inherent in setting up the system of strain gauges significantly, 

reducing the complexity of the problem. The disadvantage of this design is that the cost is well out of the 

budget, as most of the researched options start at $4,000, including the data conversion and transmission 

hardware. 

3.4.  Design #4 – Two Single Axis Load Cells 

As a more cost-effective option when compared to Design #3, a combination of two single-axis load cells 

allows only lift and drag to be measured. By cleverly designing a structure that connects these two cells, the 

design can reduce some of the moment and crosstalk error discussed in the strain gauge designs above. The 

main benefit of this design is that it still utilizes a self-contained measurement system for simplicity and 

accuracy, but that is also its greatest challenge. Because the design uses pre-packaged, black-box products, 

the effects of off-axis external loads from off-axis forces and moments must be fully understood at the 

design stage, or the interface structure must guarantee that such loads are small to non-existent. In practice, 

this is very difficult: load cells manufacturers do not report this kind of statistic, and some load cells can be 

damaged with even slight off-axis loadings. This interface structure could either be a rigid structure, or a 

system of flexures to focus the perpendicular forces onto the specific load cells. 

 

Unlike the previous designs, the load cells specify their output voltage range, so it is known at design time 

that the voltage is insufficient to drive the DAQ A/D converter directly. Instead, a signal conditioner is 

employed to filter and amplify the signal to a level the DAQ can interpret, using shielded cables to maintain 

the integrity of the small voltages. 

3.5.  Design #5 – Six-Axis Strain Gauge Sting Attachment 

The most sophisticated of these three devices would be a sting attachment made from strain gauges. The 

internal strain gauges in the sting allow for a much more compact and simple system, frequently 

manufactured as a single unit by a specialized company. It is able to measure forces in all six axes. 

Generally, the sting attaches to an internal balance within the airfoil [2], or the sting and strain gauge attach 

to a connector that fastens to the airfoil [3]. Although these types of devices would provide the most 

aerodynamic attachment (least airflow interruption), and may be able to collect data with higher accuracy 

because of their sensitive stress concentrators and specialty electronics, but they are frequently very 

expensive, with costs that can approach tens of thousands of dollars. 

3.6.  Design #6 – One Single Axis Load Cell and Strain Gauges 

A combination of design options #2 and #4 would involve measuring one force using a load cell, and the 

other force using strain gauges that would measure the beam bending in one direction only. This design 

might be easier to calibrate than Design #2 with strictly strain gauges; however, because it combines two 

different technologies, other sensitivity problems and data analysis techniques would need to be utilized to 

ensure the measurements could be compared accurately, perhaps with two different signal conditioners.  

Optimal positioning of the load cell and strain gages would be required to reduce cross-talk, and, even still, 

LabVIEW code would be required to address this issue. The sensitivity of this design to bending moment is 

unknown. 
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4. DESIGN SELECTED 

4.1.  Rationale for Design Selection 

After considering all design options within the tight time constraints allowed by the course schedule, 

the decision was made to develop a balance device using two load cells to measure the perpendicular 

lift and drag forces similar to Design #4 (Section 3.4 above). A flexure mechanism was developed 

with two separate flexing sections that will only bend in one direction, providing maximum resistance 

to perpendicular forces and moments. These flexures are used in conjunction with load cells to 

translate the deflection into a millivolt-scale voltage, which is scaled by a commercial signal 

conditioner to produce an output both compatible with the A/D converter and resistant to interference 

from other devices. This design best satisfied customer requirements while maintaining a simple and 

manufacturable end product.  

 

The selected design (Figure 7) fulfills 

each of the customer requirements. The 

design is small enough to fit within the 

small scale wind tunnel and is designed 

to be compatible with the wing and 

support structure desired (CR 1, 2). 

Additionally, the relatively low profile 

and streamlining plastic shield ensures 

the design has minimal impact on 

airflow (CR3). Calculations indicate 

that the range and sensitivity of the 

device is sufficient to fulfill the desires 

of the customer (CR 4, 5). Since the 

device is small and requires only slight 

modification of the existing support 

structure, the range of motion of the 

wing remained within the required range, though the distance between the trailing edge of the wing 

and the center of rotation increased (CR 9, 14). The strength of the device was specified such that it 

can handle maximum aerodynamic loads at 10 m/s wind velocity, and making the device out of a 

single monolithic piece of material reduces the likelihood of wing vibrations (CR 10, 16). By selecting 

readily-available and well-understood load cells and signal conditioners, the resulting measurements 

could be easily integrated with existing LabVIEW code (CR-11). 

 

In the following sections, the designs from Chapter 3 are compared, first qualitatively, then 

quantitatively. Finally, a risk analysis of the selected course assessed at the end of the design phase is 

presented. 

4.1.1. Qualitative Comparison 

Despite its relative simplicity, high sensitivity, low error, and low risk, the six-axis load cell design 

considered (Design #3, Section 3.3) was deemed too expensive for this application, forcing the 

selection of a less expensive, if lower performance, design. 

 

Data quality was a factor in the selection of this final design over Design #2, which would involve 

several applied strain gauges instead of load cells. Although this design would be significantly less 

expensive, it involves much more uncertainty and potential for introduced error into the system. 

Figure 7.  Final Design, shown with existing wing and support 

structure. 
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Since the customer places a much higher value on accuracy than upon cost, a more sensitive and 

robust solution was selected. Despite its added expense, the selected design has more precise 

specifications and limits of error provided by the load cell manufacturer. The problem of being able 

to assess the effects of off-axis loading on sensor accuracy is also solved by introducing the flexure 

mechanism specified in the previous description. Conversations with vendors clarified that the 

proposed flexure would be manufacturable with wire EDM, which reduces the stress placed on the 

material during machining and allowed very fine features to be machined.   
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4.1.2. Performance Comparison 

Although an exhaustive performance evaluation for the three designs is not presented, a few numeric 

measures can be made to help evaluate the differences between them. For three of the designs 

proposed in Section 3, Table 1 compares the full scale range, safe overload range, resolution, and 

cost of each design. 

 
Table 1.  Performance characteristics of considered designs. 

Name Full Scale 

Range 

Safe Overload 

Range 

Resolution Sensor & 

Electronics Costs 

Design 3  

(6-Axis Load 

Cell) 

±50 N ±250 N 0.0125 N [11]
 

$4000+ 

Design 4 

(Two single-axis 

load cells[12]) 

±22.2 N  

(5 lbf) 

±222 N1 

 

0.073 N without conditioner 
2 

~0.022 N with conditioner 

> $700 for cells  

+ $500-$1000 for 

conditioner (optional) 

Design 2 

(Strain gage 

layout
3
) 

±22 N 

(adjustable) 

~ ± 345 N 
4 

0.055 N without preamp  

~0.022 N with preamp
5
 

< $300 for gages,  

$50 for supply, 

+ $150 for preamps 

1
 The Futek LSB200 datasheet specifies an overload capability of 1000%. 

2
From maximum DAQ sensitivity of full-scale signal magnitude when load cell excited at 10V. 

3
Assumes maximum material strain of 500 με (which is below the fatigue-derated limit for 2024 aluminum) equates to 

full load condition of 45 N. 
4
Maximum load before yielding of the 2024 aluminum (not fatigue derated). Strain gage maximum strain is usually an 

order of magnitude greater. 
5
From maximum DAQ resolution of full-scale signal magnitude when a 1000 Ω bridge (GF=2) is excited at 20V with 

and without preamplifier. 

 

The selected design meets customer requirements for sensor range (CR 5) assuming careful selection 

of the load cells and sizing of the flexure mechanism. The size of the mechanism also affects the 

rigidity of the system as well as the fatigue life of the balance, factors which must also be considered 

in the final design. 

 

Because of the mechanical construction of this device, one major drawback of any strain-gage based 

design (be it a load cell or a custom layout) will be its sensitivity to overload: If any axis of the 

balance is stressed beyond the rated maximum overload, irreversible damage to the balance can 

occur. Generally, this limit is reached not due to damage to the strain gages but due to yielding of the 

force-carrying member itself. Because of this issue, the final design includes calculations and 

specifications of maximum overload, and warning labels would have been applied if this loading 

was shown to be likely to occur in practice.  

 

The resolution of the measurement in the LabVIEW program is another important design parameter 

(ER 6, 7). The resolution is limited by quantization imposed by the National Instruments DAQ on 

the full-scale signal output, except for the 6-axis load cell system, which provides its own dedicated 

16-bit A/D converter, and generally represents a lower bound on the uncertainty of the final system. 

Two approaches can be taken to increase the resolution of the measurement system: Either the 

sensor selected must have a larger full-scale output or a pre-amplifier/signal conditioner of some 

kind must amplify the raw signal to a range that matches the full-scale DAQ input. The former 

option is available only for the strain gage design, as load cells models appear to have very little 
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variation in the full-scale output voltage swing, so a signal conditioner is needed to filter and scale 

the signal. 

 

Adding an amplifier or signal conditioner to the chain is possible with any design and has several 

advantages. Not only does it reduce the effect of electrical noise from long cable runs (if the preamp 

is placed close to the sensors) but it can also help to filter noise that is already present in the signal. 

Additionally, most preamps have adjustable gains, allowing the full-scale range to be mapped 

accurately to the input range on the DAQ’s A/D converter. Disadvantages include a slight increase in 

accuracy error (on the order of 0.1 %FS), and increased design cost and complexity. For load cells, 

some manufacturers require specialty power supply/signal conditioning units, which can increase the 

cost by hundreds of dollars. 

 

The cost figures reported in Table 1 represent the costs only for the sensors themselves and any 

associated electronics, and are first-order estimates, not final guarantees. Additional costs came up in 

the final design process and are reported in Appendix B. 

 

4.1.3. Risk Assessment 

The risk of choosing one of these designs, while not numerically quantifiable, is another important 

design criterion that was addressed at this stage of the design process. The three designs represent 

tradeoffs between closed-form, off the shelf designs with specification sheets and guarantees and 

open-ended, student-designed alternatives. Because student time is free, the student-designed 

solutions are cheaper, but because this team is not an original equipment manufacturer, the team’s 

knowledge and experience is limited, leading to a higher risk of an undesirable outcome. In the 

following paragraphs, the authors outline what we believed to be the greatest risks for each of the 

designs described in Section 3. 

 

The six-axis load cell is easily the lowest-risk alternative. It comes as a complete chain, from sensor 

to digital output, and the performance of the system is specified up-front in a datasheet. The highest 

risks to accuracy for this approach (which are shared by the two succeeding designs as well) are 

interference from external noise sources and inability to accurately account for the dynamic loads 

experienced by the wing. For the former, this risk can be reduced by anticipating extra shielding 

needs and grounding mechanisms. For the latter, little can be done to assess or reduce the effect of 

this variable until after the measurement system is manufactured. Beyond this and the availability of 

an appropriate six-axis load cell, risks to overall project success were deemed very minimal. 

 

Multiple single-axis load cells are a moderate-risk approach. The least-risky load cell design would 

incorporate original manufacturer excitation and signal conditioning circuits, though this comes with 

a significant increase in cost. In this case, the risk to accuracy objectives includes those in the six-

axis load cell case, with the addition of uncertainty caused by influences of off-axis loading on the 

load cell sensors. The risk of this uncertainty being large was seen as high due to lack of information 

– no vendors provided firm answers on the effects of off-axis loading on cell output. 

 

A cheaper and more risky approach involves fabricating or purchasing a non-OEM excitation circuit 

and/or preamplifier/signal conditioner. Assuming the load cell includes sufficient electrical 

specification, the risks posed by this alternative were deemed minimal, and the device could always 

be replaced down the road by their OEM counterparts. Custom amplifiers and filters always have a 

slight increase on measurement uncertainty, but the risk that this is a large increase was seen as 

minimal. 
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The riskiest design presented involved fabricating the entire measurement system from strain gages 

and electronics parts. In this case, in addition to the risks stated above, large risks and large error 

potential exist in the effectiveness of the sensors involved in measuring only the relevant forces. 

Uncertainty in this design would almost doubtless be higher than the other two designs because it 

cannot start with the specifications of a black-box load cell sensor. There was also a decided risk to 

the long-term stability of the solution: The gages, electronics, and system are custom-placed and/or 

designed and if issues arise years down the road, the original manufacturers may not be available for 

support calls. 
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4.2. Design Description 

 

To fully describe the final design selected requires a detailed description of each of the four major 

components of the system. The following sub-sections will serve to flesh out and justify the final 

design, as developed from the template shown in Section 4.1, by describing the load cells selected, the 

flexure mechanism and the signal conditioning unit. The wind shield and a slight re-design of the 

existing lever arm as well as additional small components are discussed in the final sub-section. Where 

appropriate, lengthy engineering calculations to support the design have been moved to Appendix A. 

 

4.2.1. Load Cell Specifications 

The selection of the load cell and its associated specifications constituted one of the most critical 

design decisions made on the project, influencing overall system performance, flexure size and 

design, and the degree to which the system disturbs airflow. Load cell manufacturers specify a wide 

variety of characteristics of their devices, and finding one that met all of the requirements presented 

a challenge. Table 2 lists the relevant characteristics, the design specification for them, the spec 

given for the Futek LSB200 5-lb load cell and the reasoning behind each spec. 

 
Table 2.  Load Cell Specifications 

Characteristic Spec Final Justification 
Range 0 to 22.2 

N 

-22.2 to 

22.2 N 

Section 4.2.2 details the need for a 22 N compression load 

cell for a 44 N load. 

Overload limit > 173 N 222 N Since this device is to be used in a variety of experiments in 

a laboratory setting, a high overload limit was needed. A 

factor of safety of 10 over the greatest predicted 

dynamic/aerodynamic lift force for the design wing of 17.3 

N was selected. 

Combined 

Nonlinearity, 

Hysteresis, & 

Nonrepeatability 

< 0.1% 0.15% Because the wing experiences dynamic loads almost an 

order of magnitude greater than the measured quantity, the 

entire measurement system must have a very small error 

margin. In most places, 0.1% was targeted to give a final 

measurement accuracy of about 1% of the quantity of 

interest, but in this case, cost and space constraints forced 

the sacrifice of some error. 

Temperature 

stability, zero or 

span 

< 0.01% 

FS/°C 

0.01% 

FS/°C 

Because the wing operates in an environment that is not 

temperature controlled, it was important to minimize the 

effects temperature have on the data gathered. Again, cost 

requirements demanded a less-ideal quantity and thus more 

frequent recalibration. 

Compensated 

temperature 

range 

60-100 

°F 

60-160 

°F 

The compensated temperature range is the range over which 

the temperature stability is guaranteed and should correlate 

with the ambient temperature in the design environment. 

Rated output > 2 

mV/V 

2 

mV/V 

The output of the load cell per volt of excitation determines 

the size of the signal input to the signal conditioning 

circuitry. With a 5V excitation, a 2 mV/V cell produces a 10 

mV full-scale output. Going below this is unwise because it 

makes the system increasingly susceptible to interference.  
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Characteristic Spec Final Justification 
Height < 1.25 

in 

0.75 in The size of the load cell is the biggest factor in determining 

the overall size of the flexure. Keeping the load cell height 

below 1.25 in. enabled the entire assembly to remain < 15 

cm long, helping to fulfill ER20. 

Depth < 1 in 0.26 in Limiting the degree to which the load cell sticks out into the 

air flow was important for fulfilling CR3. A 0.26 in.-deep 

device is thinner than the flexure itself, and thus does not 

disrupt the flow at all. 

Cost < $700 $450 The cost of each load cell was driven by the overall budget 

less other necessary expenses. 

 

The LSB200 met almost all of the design specifications, with the exception of the error criterion. A 

tradeoff between load cell size and error characteristics developed in the selection process, and the 

ultimate decision to select this cell was referred to the customer. Linearity, hysteresis, and 

nonrepeatability were combined with a root-sum-square operator into a single error term. The full 

specifications for the LSB220 load cell family can be found in Appendix C. 

 

4.2.2. Flexure Design 

The design of the flexure was the single most important aspect of the entire system design. The 

flexure is responsible for isolating the lift and drag force components from each other and from the 

pitching moment placed on the system and presenting the forces to the load cells. It must also 

provide a vibration-free, mechanically-secure link between the pitching and heaving mechanism and 

the wing. 

 

The sizing of the various features in the flexure was carried out entirely with finite element analysis 

(FEA). The geometry is sufficiently complex that hand calculations of more than rudimentary 

complexity are intractable. A few notable features of the optimization process are presented here and 

the results of an FEA analysis of the flexure are presented in Appendix A. A drawing of the final 

flexure is shown in Appendix C.  

 

The final flexure went through over 20 

iterations of optimization. The initial design 

was based on a conversation with Ryan 

Gains, a specialist in the load cell design 

industry with 30 years of experience, and had 

two parallelogram structures with small necks 

at the ends of the beams, as shown in Figure 

8. The two parallelograms were perpendicular 

to each other, so that one lay in the XY plane 

and the other in the YZ plane. The first major 

requirement optimized for was to ensure that 

the device be machinable. As a result, it was 

decided that the flexure would be made out of 

a 12.7 mm steel plate and that both 

parallelograms would be in the XY plane. The 

12.7 mm plate is the same thickness as the 

heaving bar that the flexure will attach to on 

the pitching and heaving mechanism, and since the wing is subject to very slight out-of-plane loads, 

Figure 8.  Initial Flexure Design. Load cells are dark. 
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it is thick enough to absorb these loads and transfer them to the support structure.  A 1 in-lb torque 

applied at the wing connection point about the X axis of the final design produces no measurable 

force in either the lift or drag load cells according to the FEA analysis. 

 

Steel was chosen since it is stiff and has a relatively 

high fatigue limit.  Annealed ANSI 4142 steel is 

ideal since it has a lower than average modulus of 

elasticity of 200 GPa, allowing it to bend more and 

transfer a greater percentage of the applied force to 

the load cells.  It has a yield strength of 413 MPa 

and an ultimate tensile strength of 620 MPa when 

hot rolled and annealed [13]. The fatigue limit of 

steel is often calculated as half of the ultimate 

tensile strength, so the fatigue limit of annealed 

4142 steel is approximately 310 MPa [13].  The 

expected worst-case operating stresses are about 62 

MPa, which leaves a factor of safety of 5, more 

than enough to account for Marin factors and 

unknown variables. Figure 9 shows the final flexure 

design. 

  

The load cells is attached at their base with bolts through the flexure.  The top of the load cell has a 

bolt with a nut inserted into the threaded receptacle.  The upper bolt is fully inserted during 

installation of the load cell, and then it is unscrewed once the base is firmly attached, pre-loading the 

cell to about half of its rated compressive load.  The nut is then be lowered until it reaches the load 

cell, locking the bolt in place.  This method of attaching the load cell reduces the amount of shear 

force that is transmitted through the load cell since the top bolt can slide against the flexure while 

still allowing it to transmit compressive force.  Excessive tensile forces simply pull the flexure away 

from the screw, so excessive lift force will not damage the load cell.  The preload allows the load 

cell to measure force in both the positive and negative directions. 

 

This decision to use only the compressive portion of the load cell measurement capacity is driven by 

the need to isolate the load cell from shear forces, which can break or undesirably affect 

measurements in unspecified ways, as discussed in Section 3.4. The consequence of this choice was 

a reduction in the resolution of the obtained data - the signal conditioner and A/D converter will use 

only half of their available ranges, effectively reducing the 4096-state digital space to a 2048-state 

(11-bit) space. 

 

The flexure was optimized so that the ±22 N design load applied at the attachment to the wing would 

translate into just under ±11 N (2.5 lbf) of force in the load cells.  This involved reducing the width 

and increasing the length of the necks.  Other optimization passes focused on reducing the effect of 

2D moment couples on the measured values and reducing the cross-talk between the channels, 

resulting in the beams nearest the lift load cell being further separated so that they can absorb more 

torque. 

 

Flexures are designed so that they bend easily in one direction, which makes them highly susceptible 

to low resonant frequencies [14].  The nature of this flexure is that it bends in two directions, which 

further increases the possible modes of oscillation.  The resonant frequency of the system starts at 10 

Hz, and that is with the lift flexure oscillating up and down.  This occurs without the load cell 

preload force from tightening the load cells in place.  In the experience of one of the authors, a force 

Figure 9. Final Flexure. Load Cells are dark. 
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applied to a system dramatically increases that resonant frequency.  Another resonant frequency 

exists around 10 Hz, and that is with the whole system twisting. As was described above, twisting 

modes have little effect on the measured forces in the load cells, so the twisting mode should not 

hamper the measurements, so long as the vibrations do not cause harm to the flexure. 

 

With regard to overload protection, the flexure design is quite robust. The load cells are designed to 

withstand a non-fatigue overload of 200 N, or about 10 times the design load. The flexure was 

designed from a material with a yield limit of 410 MPa, while a 20 N applied force creates 34 MPa 

of stress in the stress concentration zones, giving a factor of safety of 8.5. Even under 10 m/s 

airflow, the applied aerodynamic load barely reaches 20 N. 

 

The length of the flexure arms had to be long enough that the flexure could bend a sufficient 

distance, but also short enough that the device remained small.  The length did not play a huge role 

in the function of the flexure, so it was ultimately determined from constraining the width of the 

beams, the separation distance of the flexures, and the width of the stress concentration zones.  Once 

those constraints were set, the length had little room for changes. 

 

The width of flexure arms was designed such that the device flexed a sufficient amount, but did not 

experience high stress.  The FEA showed the stress paths, so the width was reduced until just before 

it altered that path.   

 

The stress concentration zone width (necking width) was first determined by machinability.  This led 

the first few iterations to have widths that did not allow the flexure to bend much.  By using an EDM 

manufacturing process, which induces very low stresses in the part during machining, it was deemed 

possible to reduce this width.  This part of the flexure experiences the highest stress, so this width 

was one of the most important factors to consider for fatigue.  In the final design, this zone should 

never experience a stress near the fatigue limit of the material. 

 

The separation distance of flexure arms was partly constrained by the placement of holes for the load 

cells, the requirement to keep the overall dimensions small, and by the width of the beams.  This 

distance was maximized as much as possible within those constraints kept in mind.  A greater 

separation distance allows less moment to transfer through the system, and also ensures that the 

flexures travel more linearly. 

 

The width of the beams was optimized so that they are narrow, but rigid.  If the beams were too 

narrow, they would bend and cause an unacceptable amount of crosstalk.  If the beams were too 

wide, it added unnecessary weight to the system and placed the wing even further from the axis of 

pitching rotation. 

 

The location & size of bolts to support structure was determined by basic bolt theory.  Shigley states 

that bolts should be placed at least 1.5 diameters from an edge [13].  This limited the separation 

distance of the two bolts.  #4-40 bolts have a clamp strength of approximately 1060 N, assuming the 

lowest grade bolt [15].  Two screws would provide 2120 N and fix all of the degrees of freedom.  

The combination of this high value and the low applied forces made further analysis of this area a 

low priority. 

4.2.3. Signal Conditioner Design 

The signal conditioning unit is responsible for converting the 20 mV electrical signal produced by 

the load cells into a 5V signal that can be interpreted by the signal conditioner. Additionally, it 
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serves as a first round of filtering, to help eliminate the high-frequency noise from the load cells and 

the environment. 

 

To this ends, a commercial signal conditioning unit was selected which accomplishes these 

functions, the Omega OM-5 system. It is a modular system, with a backplane that supplies power 

and electrical interfaces to the load cell and computer and modules that do the signal conditioning 

and excitation for each load cell. The entire assembly is housed within a grounded metal box to 

shield it against electromagnetic interference. Appendix C contains an electrical schematic of the 

system. 

 

The primary consideration for the selection of this conditioner was cost; the two-channel signal units 

found ranged anywhere from $500 to $1000 and beyond, with a dizzying array of electrical 

specifications. After a considerable amount of research and effort, including nearly finalizing a 

design to build one ourselves, the following technical characteristics were deemed most important in 

meeting the customer’s resolution requirements. 

 

First and foremost, the specified signal conditioner had to be electrically compatible with both the 

load cell (in its excitation voltage and expectation of output scale) and with the DAQ it is attached 

to. In order to do this, the signal conditioner must excite the load cell to between 5 and 10 V, 5 V is 

the calibration excitation recommended by the manufacturer, while 10 V is the maximum rated 

excitation voltage. The final signal conditioner utilizes a 10 V excitation, which can be easily tuned 

down with external resistors as needed to bring it below the spec limit on the load cell. The signal 

conditioner is designed to be compatible with a load cell that produces 2 mV for every volt of 

excitation, so it is compatible in that regard as well. Finally, the output of the device is ±5 V, which 

is one of the available voltage scales for the analog inputs on the DAQ. 

 

The second requirement was accuracy. Since one of the unwritten goals of the entire system was 

sub-1% accuracy in measuring lift and drag, it was essential that the selected component have a 

combined non-linearity, hysteresis, non-repeatability and excitation stability of < 0.1%. The selected 

unit meets this criterion, with an accuracy of 0.08%. Thermal accuracy, though less important to the 

customer, is also very good with the OM-5 signal conditioning system.  

4.2.4. Wind Shield 

The wind shield is a piece of plastic used to streamline the flexure assembly and so reduce its affect 

on the air stream, in accordance with CR 3. Additionally, it serves as a protective shield over the 

load cells and flexure mechanism. 

 

Because the flexure assembly needs to be the only load path from the wing to the support structure, 

the shield is affixed only at the back end of the flexure and clearance is provided to ensure it does 

not interfere with the load cell and cabling. It was formed from a single piece of acrylic sheet, which 

was bent into the final shape under heat. Acrylic was selected because it is rigid, smooth, easy to 

work, and transparent. 

 

The trailing edge of the assembly is not shielded for flow field interference because of the immediate 

presence of the pitching and heaving mechanism behind it and its relatively large distance from the 

wing flow. Appendix C contains a drawing of the flexure design; no engineering analysis was 

deemed necessary for this part. 



 36 

4.2.5. Pitching Beam 

The “pitching beam” (known as the “hinge link” in the previous senior project [16]) had to be re-

designed to be compatible with the new load-measurement assembly. The design was left entirely 

unchanged behind the pivot point, but the region beyond it was left un-tapered, with two vertical 

mounting holes to attach to the flexure. The selection and spacing of these bolts is described in 

Section 4.2.2 above. 

4.2.6. Cabling and Electrical Noise Abatement 

The signals that the load cells produce are relatively small (on the order of 20 mV), and as such, they 

are especially susceptible to interference from the environment. The cable provided with the cells 

includes a shield braid, which helps reduce the chance of interference, but several other design 

decisions, presented below, further decreased the effect electrical noise is likely to have on the 

system output. 

 

First, the signal is carefully shielded all the way from the load cell to the DAQ. To do this, an 

aluminum case (grounded to equipment ground) houses the signal conditioning circuitry, shielding it 

from much of the EMI it might otherwise experience. The DB9 connectors used to terminate the 

load cell wires are fully shielded, with metal-body connector housings to ensure continuity of the 

shield path and gold-plated contacts to reduce parasitic resistances. After the conditioner, the signal 

is transmitted over BNC cable, again maintaining the shielding. 

 

Additionally, reducing the length of the load cell cable by moving the signal conditioner physically 

close to the mechanism reduces the distance over which fields can interfere, so the conditioner was 

placed under the pitching and heaving stand in the tunnel itself. 

 

Ground loops provided another possible source of noise in the system. Ground loops occur when 

more than one path to “ground” exists in the system. For example, if the signal conditioner power 

supply has a different ground or electrical neutral than the computer power supply, power noise and 

load can cause a potential between the two, causing small amounts of current to flow and 

introducing noise into the measurement system. In a more complex case, the servo power supply 

ground may touch the pitching and heaving mechanism chassis, which is electrically connected to 

the load cell body and its shielded cable. The shield on the cable, if electrically connected to the 

shield on the signal conditioning box, could cause a ground loop. 

 

For this reason, two design decisions were made. The supply used to power the signal conditioning 

unit and excite the load cells was required to be isolating, meaning that it contains no electrical 

connection between the outputs and the neutral or ground power lines. Also, the shield on the load 

cell cable was not directly shorted to the conditioner ground, though a jumper was be provided 

should that functionality be desired in the future. 

 

A more detailed analysis of the interference problem could have been done, but time constraints and 

lack of a thorough knowledge of the environmental noise characteristics made this impossible. The 

electrical schematics in Appendix C show the ground paths used by the system. 

4.2.7. Software 

The software component of the system must translate between the signals measured by the DAQ unit 

into loads on the wing. It must transfer the forces from the measurement coordinate system, which 

pitches with the wing, to the tunnel coordinate system, aligned with the airflow, so as to report the 

real drag and lift quantities even when the wing is pitched. Additionally, it must supply a method to 



 37 

allow the user to calibrate it for lift, drag, and cross-talk between the channels. Because significant 

loads are applied to the system from the dynamic motion alone, a Dynamic Nulling mode is included 

in the plan, which stores the load response of the system to a given control wave form. 

 

The new LabVIEW code needed to be closely integrated with the existing control software, and 

consisted of a modified version of the existing software plus one or more additional new VI’s to 

encapsulate the new features. Every attempt was be made to keep the new program modular and 

isolated as much as possible from the existing code so that it can be used on new wings and 

assemblies with a minimum of effort. 

 

A high-level block diagram of the program is included in Appendix C. 
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5. IMPLEMENTATION 

5.1.  Mechanical Implementation 

As seen in the drawings provided in Appendix C, relatively few components make up the final 

product. The flexure mechanism is designed to hold both of the load cells in a pre-tensioned state to 

allow for positive and negative deflection. The pitching arm from the previous project must be re-

manufactured to connect to the new measurement unit, and an adaptor connects the flexure to the final 

wing. Finally, the wind shield protects the flow from unnecessary distortion as it travels over the 

device. 

 

To obtain a functioning end product, the design of each component was given extensive thought. The 

positioning of parallel beams minimizes the effects of off-axis loading, while the machining of 

narrower flexing sections on these beams helps to concentrate the forces and maximize the force 

transmitted in a parallel manner to the specified load cell. After investigating several machining 

methods for this mechanism, including CNC machining, laser cutting, hydro-jet cutting, and wire 

EDM, wire EDM was selected as the most accurate method.  

 

Wire electrical discharge machining (EDM) is an electro-thermal production process where a thin 

single -stranded metal wire allows wire to cut through metal using heat from electrical sparks when 

submerged in deionized water. Wire EDM can easily machine complex parts and components from 

conductive materials while creating minimal stress on the material, thermal or mechanical. For this 

reason, wire EDM was selected because it could provide the necessary accuracy for the least cost.  

 

A local prototype manufacturer in Albany, Oregon was recommended by an Oregon State graduate 

student as a good, local vendor of wire EDM parts. Wright Prototype is a high quality manufacturer of 

precision parts, specializing in the design and production of a wide variety of tight tolerance parts and 

assemblies. Based on drawings provided to Wright Prototype by this design team, Wright Prototype 

manufactured the device to meet the specified tolerances with minimal deflection due to the cutting 

process. Unfortunately, they drilled one too many holes in the process of setting up the wire EDM. 

The defect was accepted because it did not reduce the function or safety of the part and would have 

added lead time to have repaired. 

  

A new hinge link had to be manufactured, a process that was accomplished by the team itself in the 

OSU machine shop, but which presented some challenges due to the nature and complexity of the 

profile. Careful setup of the milling machine and experience from one of the team members enabled 

the final part to meet specifications. 

 

Likewise, the wing attach rod was machined in-house from readily-available stock. 

 

The shield, which is made out of acrylic sheet, presented another challenging manufacturing problem. 

In this case also, the team manufactured the components themselves, starting with acrylic sheet from 

the shop. The acrylic was cut to a flat pattern, then carefully bent into the final shape by heating and 

applying force. Originally, a spherical ball was to be used to fill in the corners, but in the process of 

manufacturing, it was decided that clear packing tape could adequately smooth the corner profile and 

would be much easier to apply. 

  

Mechanical assembly itself was straightforward. The most complex portion was assembling the new 

hinge link into the existing pitching and heaving mechanism, and after that, the remainder of the 

device was assembled more or less without incident. In the process of assembly, it was determined 
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that the bolts required for the load cell pre-tensioning were unavailable; two button-head screws were 

filed to create flats a wrench could grab and substituted into the design without further impact. 

 

The bill of materials for the final design can be found in Appendix B. 

5.2.  Electrical Implementation  

The electronic portion of the design required much less manufacture and significantly more assembly 

than the mechanical portion. For the signal conditioning and transport functions of the system, most of 

the parts were purchased from online electronics retailers and then assembled by the team into the 

final design with little or no modification.  

 

An exception to this rule is the case, which houses the signal conditioning components and shields the 

process from electrical noise. The case required significant remanufacturing to cut holes for the 

various ports, the power LED and switch, and the mounting hardware. One additional modification to 

the connectors was required to ensure a normal RS-232 cable is not connected to the load cell ports. 

To do this, a pin hole was be filled on the female connector and a pin removed on the male connector. 

 

After the case was complete, the electronics were inserted and mounted, the cables assembled as 

described in the drawing in Appendix C, and the conditioner tested as a unit before insertion into the 

larger system. 

 

Two aspects of the electrical system were anticipated as problem areas: grounding and noise. The 

signal conditioner module electrically isolates all inputs and outputs using complex switching and 

transformer isolation, and changing how the different “ground” leads are connected can in theory 

significantly affect both the accuracy of the system (if the common-mode voltage on the load cell 

inputs gets too high, the amplifier becomes unhappy) as well as the prevalence of noise. Because the 

wallwart supply used to power the signal conditioner is isolating, the only link the system has with 

“real” ground is the DAQ BNC cable. In early experiments, no issue with noise was seen; common-

mode shifts on the inputs and the outputs were never evaluated. 

 

Noise was expected to be a huge problem. The existing sting balance exhibits significant noise in the 

presence of the wind tunnel, and the prevalence of large motors and other electric devices should 

cause significant interference. Because this problem was anticipated, special care was taken to ensure 

each step of the process is appropriately shielded, and initial experiments demonstrated that noise was 

in fact fairly small, hovering at less than 0.015 lb in the Lift direction and 0.07 lb in drag peak to peak. 

The reason for the difference between the noise floors remains a mystery. 

 

The bill of materials for the electrical portion of the final design can be found in Appendix B. 

5.3.  Software Implementation 

5.3.1. LabVIEW Measurement Program 

The design of the LabVIEW program that accompanies the mechanical and electrical aspects of the 

project turned out to be harder than anticipated. During the design phase of the project, simple block 

diagram was sufficient, and implementation was deemed “trivial”. However, once it came time to 

actually write a detailed specification document and get to work, the task turned out to be much 

more complicated, requiring the full attention of one group member for several weeks. 

 

In the end, however, the LabVIEW program, though not as full-featured as originally intended, 

implements the required features by allowing the user to convert the voltage value into force based 
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on a calibration, rotate it to agree with the coordinate frame of the tunnel, and save the results to file. 

In addition, range indicators and clipping lights enhanced program usability. 

5.3.2. CFD Program 

The CFD aspect of the project has not been well-treated in the preceding sections of the report 

because it is a trivial design problem. The difficulty comes in implementing the very straightforward 

logic in the context of the Fortran solver and cluster environment. The process took several weeks, 

mostly spent just getting used to the simulation environment and running simple test cases. Rapid 

progress was hindered by the 1-2 day turnaround time for any simulation. 

 

As a result, the majority of the development occurred in a Matlab port of the relevant portions of the 

Fortran code. After translating the Fortran into several Matlab scripts, the modifications needed were 

implemented and tested, then ported back to the cluster environment. Except for a few hiccups due 

to lack of understanding of the solver, the implementation went very smoothly. 

5.4.  Cost vs. Budget  

As seen in the Bills of Materials in Appendix B, the costs incurred for the mechanical part of the 

design consisted of hardware, machining cost, and shield material which totaled about $1500. The 

electrical components required for signal transmission and conditioning totaled $500. This brings the 

total expected cost to $2010; the actual expenditure was somewhat less than that due to parts found 

already available in the shop or donated by one of the team members. The $500 emergency revision 

pool was not used. 

5.5. Winter Term Schedule 

The projected and actual schedule for Winter 2011 is shown in Figure 10. The electronic, mechanical, 

and simulation aspects of the project proceeded in parallel and more or less independently for most of 

the term, with everything coming together for Evaluations 1 and 2. A wiring error led to the 

destruction of the servos required to run the existing pitching and heaving mechanism, resulting in a 

one week delay in Evaluation 1 while the servos were replaced on warrantee. Apart from that, the 

biggest struggle to stay on schedule occurred in the software aspects of the course; both the CFD and 

the LabVIEW code fell behind due to more pressing challenges in the physical realm. 

 

 

 
Winter Term Schedule 

   
    

   
    

Week 1 2 3 4 5 6 7 8 9 10 F 

Task 
1/3-
1/8 

1/9-
1/15 

1/16-
1/22 

1/23-
1/29 

1/30-
2/5 

2/6-
2/12 

2/13-
2/19 

2/20-
2/26 

2/27-
3/4 

3/6-
3/12 

3/13-
3/19 

Machining X X X               

Assembly   X               

Testing/Debug    X X             

Evaluation 1      
 

 2/15         

Redesign/Rebuild       X X X  X   

Final Presentation          3/7   

Report Writing          
 

X  

Report Due            3/16 

Evaluation 2            3/14 

 
             

Electronics Assembly X X X X          

Electromechanical   X           

Test/Debug    X X         
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Rebuild/Revise      X     X   

            

Software Spec X X            

Software Devel   X X X X        

Software Test/Debug    X X X X       

Software Revision              X  X   

 
             

CFD Background X X            

CFD Model  X X X          

CFD Verification         X  X   

CFD Enhancements         
 

X X X      
 

Figure 10.  Winter Term Schedule. Greyed cells indicate projected activity, black cells indicate hard deadline, X’s indicate 

actual activities. 
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6. TESTING 

 

Tests for the effectiveness of this device in fulfilling its design requirements were drafted before manufacturing 

began, as recorded in Section 1.2.4. Though it looks good on paper, actually executing some of these tests 

proved to be quite challenging; it took several days to work all the way through the list. Thankfully, once the 

tests were implemented, the results were almost perfectly in alignment with our expectations and desires based 

on the finalized design, making for an eminently successful project. 

 

In the following paragraphs, we detail the exact execution of each test, its results, and any changes made to 

improve the performance of the system. Beyond the listed and graded tests, a wide variety of other, less formal 

tests were done to quantify the performance of the measurement system in different ways, including thermal 

transients, noise, nonlinearity, repeatability and reproducibility, and other factors. Even after all these tests are 

processed and reproduced, the job of fully understanding the measurement system will be off to a good start. 

 

 

Test 1.  Measure the device dimensions 
 Target: 100 cm 

 Tolerance: < 1.5 m 

 Measured: 12 cm x 12 cm x 1.5 cm 

 Pass/Fail: Pass 

 

 
 (a) (b) (c) 

Figure 11. Measurements. (a) Device height, (b) Device length, (c) Device width 

 

The dimensions of the device were measured to verify that the device fits within the wind tunnel. Measurements 

are shown in Figure 11. 

 

 

Test 2.  Attach wing to device using prescribed method 
 Target: Yes 

 Tolerance: N/A 

 Measured: Yes 

 Pass/Fail: Pass 

 



 43 

 
Figure 12.  Wing attached to the device 

 

The device attached securely to the wing with two set screws, keeping the attachment compatible with existing 

wing structure, as seen in Figure 12. 

 

Test 3.  Attach device to support structure using prescribed method 

 Target: Yes 

 Tolerance: N/A 

 Measured: Yes 

 Pass/Fail: Pass 

 

 
Figure 13.  Device attached to support structure 

 

The device attached securely to the pitching and heaving support structure using the re-manufactured pitching 

arm, as depicted in Figure 13. 

 

Test 4.  Measure Leading Edge Distance 

 Target: 20 cm 

 Tolerance: > 10 cm 

 Measured: 22 cm 

 Pass/Fail: Pass 
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Figure 14.  Distance between the leading edge and the first visible part of the device 

 

The distance between the leading edge of the wing and the foremost part of the device in the horizontal state 

was measured, ensuring the flow over the wing profile is not disrupted by the device, as shown in Figure 14.  

 

Test 5.  Approval from Professor Liburdy with visual inspection of design profile 
 Target: Yes 

 Tolerance: N/A 

 Measured: Yes 

 Pass/Fail: Pass 

 

Dr. Liburdy was asked to sign off on the ability of the system to reduce drag and corresponding influence on the 

measurement. See Figure 15. 

 
Figure 15.  Dr. Liburdy’s signoff on the streamlined nature of the final device 

 

 

Test 6.  Measure lift resolution 
 Target: 0.02 N 

 Tolerance: < 0.07 N 

 Measured: ~0.002 N 

 Pass/Fail: Pass 

 

Lift resolution was measured by calibrating the system (See Test 18, below) and recording force data while the 

system is loaded with a varying load. No LabVIEW smoothing of the data is performed. Afterwards, the data 

was processed by subtracting successive datapoints to obtain the absolute incremental change in force. This 

value, taken over enough samples, should find its minimum at the resolution of the data acquisition system. 

Ignoring zero and near-zero values, the results can be plotted on a log scale as in Figure 16. From the figure, it 

is clear the variation between datapoints changes significantly, by two orders of magnitude or more. This result 

is unexpected – data acquisition theory predicts that the A/D converter has a finite resolution, which should 

present itself as a flat limiting line at the bottom of the band. Previous calculations indicated that the resolution 

should be on the order of 0.05 N. Instead, the actual resolution appears to be much lower; average changes are 

in the 0.002 N range. This passes the test, but brings into question whether or not the requirement is actually 
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being met. It is possible LabVIEW does some internal smoothing beyond our control to obtain such highly 

precise values. Further experimentation will be required to understand this phenomenon. 

 

 
Figure 16.  Change in lift between successive datapoints (zeros have been eliminated). 

 

Test 7.  Measure drag resolution 
 Target: 0.02 N 

 Tolerance: < 0.07 N 

 Measured: ~0.002 N 

 Pass/Fail: Pass 

 

This test was identical to Test 6, except drag data is used. A similar conclusion can be drawn, as shown in 

Figure 17.  

 

 
Figure 17.  Change in drag between successive datapoints (zeros have been eliminated). 

 

Test 8.  Measure maximum lift measurement values 
 Target: 40 N 

 Tolerance: 30 N < x < 60 N 

 Measured: 51.4 N 

 Pass/Fail: Pass 
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In order to measure the maximum lift range, the mechanism was first calibrated, then loaded in the downward 

(negative lift) direction with precision weights until the system clips at steady state. Then, the weight was 

removed and re-applied using pulleys in the positive lift direction. Again, weight was added until the 

measurement system clips. The two values were added to obtain the total maximum lift measurement range. 

Pictures describe this process, as shown in  (a) (b) 

Figure 18. In the positive direction, 2.72 kg of weight was required, while in the negative direction, 2.52 kg of 

weight was used, giving a total range of 2.52 + 2.72 = 5.24 kg or 51.4 N. 

 

In the course of performing this test, an issue was encountered whereby the string used to connect the weights to 

the pulley and the measurement sting stretched in such a way as to change the measured value by 10%. As a 

result, the string was replaced in later tests by fine coated stainless steel wire, which gave much more 

reproducible results. 

  
 (a) (b) 

Figure 18.  Loads that limit the measurement system in the positive and negative lift directions. (a) Negative lift: 2.52 kg.  

(b) Positive lift; 2.72 kg 

 

Test 9.  Measure maximum drag measurement values 
 Target: 40 N 

 Tolerance: 30 N < x < 60 N 

 Measured:  

 Pass/Fail: Pass 

 

The measurement of drag followed a path very similar to that of lift, except pulleys were used in both cases to 

direct the force along the drag axis. Maximum positive drag was measured to be 4.25 kg, while negative drag 

required 1.12 kg of weight, for a total range of 5.37 kg or 52.7 N, as shown in Figure 19. 
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 (a) (b) 

Figure 19.  Loads that limit the measurement system in the positive and negative drag directions. (a) Positive drag: 4.25 kg. 

(b) Negative drag: 1.12 kg. 

 

 

Test 10. Approval from Professor Liburdy with visual inspection of wing vibration 
 Target: Yes 

 Tolerance: N/A 

 Measured: Yes 

 Pass/Fail: Pass 

 

This test was conducted by taking video of the wing being held stationary in the wind tunnel while experiencing 

10 m/s airflow. Prof. Liburdy verified that the wing’s vibration was acceptable after reviewing a video of the 

results, as shown in Figure 20. 

 
Figure 20.  Prof. Liburdy’s signoff on wing vibration being sufficiently small. 

 

 

Test 11. Test the functionality of the CFD program 
 Target: Yes 

 Tolerance: N/A 

 Measured: Yes 

 Pass/Fail: Pass 

 

The CFD program’s basic function was tested by compiling and running the code and verifying that no errors 

were produced. To validate this result, the screenshots in Figure 21 show the compilation process and one time 

step of a running simulation log. 



 48 

 
Figure 21.  Compilation (top left) and run logs (rest) of one time step of the CFD simulation. 

 

Test 12. Test the realism of the model physics 
 Target: Yes 

 Tolerance: N/A 

 Measured: Yes 

 Pass/Fail: Pass 

 

The realism of the model physics was tested by having Prof. Apte evaluate the degree to which the motion of 

the computational wing could match the physical wing, as well as evidence that the wing is not deforming as it 

moves in ways it should not. The range and nature of motion the model wing was deemed acceptable by Prof. 
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Apte by direct visual inspection and his knowledge of the system, while wing deformation was checked in part 

by evaluating the surface area of the wing at three different stages of the process. The results of the surface area 

calculations with the flap at a fixed angle are: 

 
Total Line Length (file plane_z_0001.dat): 0.402737 

Total Line Length (file plane_z_0040.dat): 0.402847 

Total Line Length (file plane_z_0102.dat): 0.403008 

Biggest difference: 0.000271 (0.067%) 

 

The capabilities of the model wing match or exceed the physical wing, and these calculations indicate the 

motion of the body is in fact that of a rigid body. Because Prof. Apte was out of town when signatures were 

gathered, his approval is available only in email form. 

 

Test 13. Compare results to tests 
 Target: Yes 

 Tolerance: N/A 

 Measured: Yes 

 Pass/Fail: Pass 

 

In order to verify the validity of the CFD model realism, a case was run which reflected the empirical data 

collected by Florian Kapsenberg  [17]. Although the wing was fixed in the experimental and numerical cases, 

the test still served to verify that the code functioned, even after changes. In the process of comparing the 

results, several errors in the implementation were pointed out, errors which were subsequently fixed. Figure 22 

shows the coefficient of lift plot for the simulation, along with the experimental datapoint selected. Equation 1 

shows the conversion between lift force and coefficient of lift for the experimental case. Because of vortex 

shedding, the variation in lift in the numeric case is expected to be very large, but the average (~0.9) is within a 

factor of two of the experimental result (0.77). Though optimization of the grid and running parameters still 

needs to be accomplished, these results indicate that the numeric simulation agrees fairly well with experimental 

data. 

 

 
 (a) (b) 

Figure 22.  (a) Numerical results of a fixed-orientation test. (b) Experimental results of the same test. 
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Test 14. Measure the range of pitching motion 
 Target: 0° to 20° 

 Tolerance: ≤0°, ≥15° 

 Measured: 0° to 48° 

 Pass/Fail: Pass 

 

An initial failure of the pitching rage test caused the team to make significant modifications to the pitching and 

heaving device attached to the wing. In order to increase performance in both pitching and heaving tasks, 

springs were added to the mechanism to offload the servo motors and keep stall from occurring. 

 

To measure the pitching range of the device proved very straightforward, so straightforward in fact that a 

picture was never taken at the maximum angle because it could be easily reproduced whenever desired. A 

picture of the wing at 22° and 0° in Figure 23 suffice to demonstrate that the test passes, however. 

 

 

  
 (a) (b) 

Figure 23.  Pitching range (a) maximum, (b) minimum. 

 

Test 15. Measure the heaving amplitude 
 Target: 2.52 cm 

 Tolerance: > 2.0 cm 

 Measured: 10.0 cm 

 Pass/Fail: Pass 

 

Similar to the pitching amplitude test, the heaving amplitude test initially suffered difficulties, but was later so 

easy that photographic documentation was never obtained. However, knowing that the height of the flexure is 

12 cm, one can conclude that the heaving range is at least more than 2 cm from Figure 24. 
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 (a) (b) 

Figure 24.  Heaving (a) maximum and (b) minimum. 

 

Test 16. Test the safety of the system at 10 m/s 
 Target: Yes 

 Tolerance: N/A 

 Measured: Yes 

 Pass/Fail: Pass 

 

In order to test the safety to the system of 10 m/s airflow, the load cells were measured with a known reference 

load apart from the flexure system, then several days later inserted into the device and exposed to 10 m/s wind. 

After this, the cells were again removed and re-checked with the same reference load. The results indicate that 

there is little to no adverse effect from such an overload condition. Figure 25 compares the before and after 

reference measurements on the lift and drag load cells. Prof. Liburdy’s signature verifies the passing of this test 

(Figure 26). 

 
Figure 25.  Lift and drag voltage measurements before and after undergoing 10 m/s stress test. X axes denote time (in 0.1 sec 

increments), Y axes denote voltage. Top row is lift, bottom row is drag. 
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Figure 26.  Prof. Liburdy’s signoff on the test. 

 

Test 17.  Test the lift and drag measurement functions 
 Target: Yes 

 Tolerance: N/A 

 Measured: Yes 

 Pass/Fail: Pass 

 

When excited to know valid voltages, the LabVIEW outputs were captured, verifying that the program was 

acquiring the signal and converting it into a reasonable force value, see Figure 27. The second part of this test 

verifies the requirement that the LabVIEW program be able to convert the measured quantity from the 

coordinate system of the flexure to the coordinate system of the tunnel such that drag force reported is actually 

the drag in the flow direction, even when the win pitches. To test this, support structure is instructed to pitch to 

15° and the resulting change in the value of the lift and drag forces reported is recorded. Figure 28 shows this. 

 

  
 (a) (b) 

Figure 27.  (a) Voltages applied to the lift (left) and drag (right) channels. (b) The resulting display in LabVIEW showing valid 

force measurements. 

 

  
Figure 28.  Result of a pitching rotation on reported lift and drag values for constant input value. (a) Before pitching, (b) 

After. 

 

As expected, the result of rotating the wing 15° in the clockwise direction while keeping the measured voltages 

identical is an increase in the drag force and a slight decrease in lift force, as is expected. 
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Test 18.  Test the calibration function 
 Target: 2% FS 

 Tolerance: < 5% FS 

 Measured: 0.06% and 0.78% 

 Pass/Fail: Pass 

 

When using the calibration function to define the force data needed for previous tests, the system was calibrated 

with 2 kg precision masses, then the masses were re-applied in the same configuration as the calibration and the 

values re-measured. Figure 29 shows the calibration mass configurations. However, insufficient documentation 

was taken at the time to determine the error of the calibration process, so the system was re-created offline with 

some fixed voltage sources and the results of a calibration and re-measurement of two “5-lb” voltages is 

recorded in Figure 30. 

 

  
 (a) (b) 

Figure 29. Calibration loads in the (a) Lift and (b) Drag positions. For Lift calibration, the actual data acquired used a 

calibration load hung directly from the mechanism instead of pulleys due to reproducibility issues. 

 

 
Figure 30. Results of re-measurement of calibration voltages; lift force (Left) and drag force (Right). Calibration “load” is 5 lb. 

 

The result of this test is a total error of (5.030 – 5.0)/5.0 = 0.06% for lift and (5.039 – 5.0)/5.0 = 0.78% for drag. 

 

Test 19.  Determine total expenditures from BOM costs 
 Target: $2000 

 Tolerance: $1500 < x < $2500 

 Measured: $1992  

 Pass/Fail: Pass 

 

The BOM in Appendix B lists the final costs associated with the project and totals the expenditures at $1992. 

 

Test 20.  Measure trailing edge distance 
 Target: 5 cm 

 Tolerance: < 15 cm 
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 Measured: 16.5 cm 

 Pass/Fail: Fail 

 

The distance between the center of pitching and the trailing edge of the wing was measured with a tape measure 

and found to be 16.5 cm. As a result, this test fails to meet the specification. 

 

The reason for this failure ultimately stems from one of the fundamental tradeoffs of the design selected. A 

flexure provides a nice tradeoff between low cost and high precision, at the expense of space, and in this case 

the space required caused the trailing edge distance criteria, which tries to keep the wing as close as possible to 

the center of pitching, to fail.  

 

Correcting this failure could be done in a variety of ways. Perhaps the easiest is to re-design the wing mounting 

bracket on the underside of the wing to allow the attaching rod to begin further up the wing body, which could 

free the needed 2 cm very easily. Alternately, the flexure itself could be shrunk, but this would result in 

significantly hindered performance, so the former solution is preferred. Design of such a replacement part is 

straightforward and will not be detailed here. 

 

 
Figure 31.  Distance between trailing edge and center of pitching. 

 



 55 

7. BIBLIOGRAPHY 

[1] G.D. Arney and W.T. Harter, “A Low-Load Three-Component Force Balance for Measurements in a 

Low-Density Wind Tunnel,” IEEE Transactions on Aerospace, vol. 3, 1965, pp. 3-8.   

[2] Benson, Tom. (2009, Oct 05). Internal Force Balance. [Online] Available: 

http://www.grc.nasa.gov/WWW/K-12/airplane/tunbalint.html 

[3] Benson, Tom. (2010, July 29). Drag Measurement (1
st
 ed.) [Online]. Available: 

http://www.grc.nasa.gov/WWW/K-12/airplane/dragdat.html 

[4] Modern Machine & Tool Co., Inc. Wind Tunnel Balances. [Online]. Available: 

http://www.mmtool.com/balances.html 

[5] AFA2: Basic Lift and Drag Balance. [Online] Available: 

http://www.tecquipment.com/Datasheets/AFA2_0210.pdf 

[6] P. Roberts, “Development of a dual strain gage balance system for measuring light loads,” 

International Congress on Instrumentation in Aerospace Simulation Facilitie, Gottingen, West 

Germany, 1989, pp. 422-433. 

[7] T.C. Witushynsky, “Experimental Investigation Into The Aerodynamics Of Small Air Vehicles With 

Thin Flexible Wings,” M.S. Thesis, Dept. of Mech. And Aero. Eng., Case Western Reserve Univ., 

Cleveland, OH, 2008. 

[8] The Strain Gage [Online]. Available: 

http://www.omega.com/literature/transactions/volume3/strain.htm 

[9] Our Products. [Online]. Available: http://www.aerotech-ate.com/cgi-bin/home.pl?page=products 

[10] E. Ramsden, Hall-effect Sensors: Theory and Application, 2
nd

 ed. Newnes, 2006. 

[11] ATI Automation. Nano17 Specifications. [Online]. Available: 

http://www.ati-ia.com/products/ft/ft_models.aspx?id=Nano17 

[12] Futek, Inc. Miniature S Beam Load Cell. [Online]. Available: 

http://www.futek.com/product.aspx?stock=FSH00095 

[13] R. Budynas, Shigley's mechanical engineering design, 8th ed. Boston: McGraw-Hill, 2008. 

[14] J. G. Knirck and P. A. Swanson, “High stiffness flexure,” U.S. Patent 7 364 145, April 29, 2008. 

[15] Fan Disc Corporation, Suggested Tightening Torque [Online]. Available: 

http://www.fandisc.com/tti.htm 

[16] K. Drost, “Airfoil Pitching Mechanism,” B.S. Senior Project, Dept. of Mech. Eng., Oregon State 

University, Corvallis, OR, 2010. 

[17] F. Kapsenberg, “ME 406 Report,” Dept. of Mech. Eng., Oregon State University, Corvallis, OR, 

2009. 

 

 

  

http://www.ati-ia.com/products/ft/ft_models.aspx?id=Nano17


 56 

8.  APPENDIX A: ENGINEERING CALCULATIONS  

The following Engineering Calculations are presented in the successive pages of Appendix A: 

 

8.1. First-order calculation of dynamic reaction loads 

8.2. FEA analysis 
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8.1.  Dynamic Loading Calculations 
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8.2.  FEA Analysis 

 
A great deal more FEA analysis was completed than is reported in this section, which only shows a brief summary of 

the conventions used and the results obtained. 

 

A conversion factor ktrans describes the relationship between the load applied to the flexure and the load seen at the 

cell. 

       
          

        
 

One primary output of the analysis, then, is this constant – it describes the capacity of the load cell needed to obtain a 

given full scale range and amplifies the electrical and conversion noise from all downstream components. Ideally, 

ktrans would be unity, meaning that all applied load is completely transferred to the load cell. In the final design, ktrans 

values were about 0.4. 

A second constant, kcross, describes the propensity of the flexure to transfer load in one direction to the cell in the other 

direction. Ideally, this quantity should be zero, indicating that the flexure perfectly isolates the forces in the two axes. 

In practice, the design gives kcross values of about 0.02. More formally, the x-axis crosstalk constant is defined as 

         
            

          
 

The cross talk error        expands on the kcross concept by mapping the error back into the units of the full scale 

range in the other axis. Thus,          is defined as 

         
                 

               
 

        

        
 

An additional mechanical error term arises from the error caused by moments. An applied bending moment (such as a 

pitching moment) causes a slight erroneous excitation of the load cell. A conversion constant kmoment is defined to 

describe the effects of this phenomenon. Note that kmoment has units N/N-m or 1/m. 

          
            

        
 

As before, this quantity can be projected back to the units of the full scale range of the axis, defined as 

          
                 

        
 

         

        
 

With these definitions, the expected performance of the flexure is described in Table 3. 

Table 3.  Flexure Performance Predictions 

Quantity Lift Axis Drag Axis 

ktrans 0.4015 0.4101 

kcross -0.0038 -0.0205 

       -0.93% -4.99% 

kmoment 0.2736  N/N-m
 

-0.2850 N/N-m
 

        0.6814 N/N-m -0.6951 N/N-m 
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ktrans can be used to calculate the full scale range expected out of the sensor. Since the sensor measures a 22.2 N range 

of force values, the expected applied load range for lift is 

            
           

        
 

      

      
        

Likewise, the expected full scale range of drag measurements is 54.2 N. 

 

Due to dynamic forces only in the worst place in a combined pitching and heaving cycle gives an applied moment of 

1.63 N-m. This loading would correspond to the following forces being perceived on the Lift and Drag axes:  

                                
                       

                                 
                       

These values correspond with 4.96% and -5.04% of the full scale ranges, respectively. Note that these values 

represent a worst-case error prediction. 

 

One of the more significant assumptions in the FEA analyses involves modeling the load cells as members within the 

structure. To do this, the load cells are represented as bar elements with properties set to match the load/deflection 

ratings provided by the load cell manufacturer.  The length is determined by the distance from the load cell attachment 

hole to the adjacent surface.  The deflection at full scale loading is given in the Futek LSB200 specifications.  The 

area is arbitrarily defined, and the applied load is also given in the load cell specifications, reprinted in Appendix C.  

Table 4.  Parameters of the load cell dummy bar elements 

Length(L) 1 in   

Deflection(d) 0.005 in   

Area(A) 0.01 in
2  

Force(P) 5 lb 

 

The relationships between the quantities in Table 4 can be used to determine the elastic modulus according to 

  
  

  
 

A member with these dimensions and this elastic modulus is then used to simulate the effects of the load cell on the 

system. Since maximum deflection is specified as a range (0.005 in to 0.003 in) in the Futek specifications, a 

simulation was run at the other extreme, the results of which show a 42% variation in both ktrans and kcross, an almost 

perfectly linear relationship with deflection range (which shifts 40%). 

 

The final result of the FEA analysis reported here relates to the expected desire of the customer, at some future date, 

to replace the load cell with one of a different sensitivity to measure a different range of values with the same system. 

To this ends, a 11.2 N (2.5 lbf) load cell was simulated in the drag cell position and the drag load simulation run. The 

results indicate that because the modulus of elasticity of the load cell is reduced by a factor of two, the ktrans constant is 

also significantly reduced, from 0.410 to 0.257. This corresponds to a change in predicted full scale from 54.2 N to 

43.2 N, significantly less than the change in load cell value. 

It is expected, however, that changing the load cell to a higher value will result in a much more significant increase in 

dynamic range, though it reduces the factor of safety of the flexure itself. 
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In addition to providing load transfer characteristics, the FEA is used in calculating the maximum Von Misses stresses 

for the design under various loading conditions. To support the realism of these estimates, a screen shot of the stress 

distributions under pretention is presented in Figure 32. 

 

Figure 32.  Stress concentrations in the final design under preload conditions. 
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APPENDIX B: BILL OF MATERIALS 

Line Item Qty 
Cost 
Ea. Est. Cost 

Final 
Cost Source 

Mfg. 
Plan Notes 

Core Components 
   

 

   

1 
Futek LSB 200 Load 
Cells - FSH00093 2 $460.00 $920.00 $905.46 Futek.com  

 

2 Flexure 1 $576.00 $576.00 $576.00 
Wright 
Prototype 1 

Machined by 
vendor to our 
specifications 

3 
Pitching Beam 
Replacement 1 $0.00 $0.00 $0.00 Make 3 

0.5x0.875x8 in 
Aluminum bar stock 

4 Wing mount bar 1 $0.00 $0.00 $0.00 Make 4 
0.625 in dia x 5 in 
round stock 

5 Shield 1 $8.00 $8.00 $0.00 OSU Shop 2 
 

Hardware 
   

 

   6 #4 40 Hex Nut 4 $0.00 $0.00 $0.00 OSU Shop 
  7 #4 40 Hex Screw 1.125" 2 $0.00 $0.00 $0.00 OSU Shop 
  8 #4 40 Hex Screw 1" 1 $0.00 $0.00 $0.00 OSU Shop 
  9 #4 40 Hex Screw 0.875" 2 $0.00 $0.00 $0.00 OSU Shop 
  10 #4 40 Hex Screw 0.625" 1 $0.00 $0.00 $0.00 OSU Shop 
  11 #4 40 Hex Screw 0.375" 2 $0.00 $0.00 $0.00 OSU Shop 
  12 #4 Lock Washer 4 $0.00 $0.00 $0.00 OSU Shop 
  

13 
Socket Set Screw Flat 
Point 0.25" 1 $0.00 $0.00 $0.00 OSU Shop 

  

14 
Socket Set Screw Flat 
Point 0.125" 1 $0.00 $0.00 $0.00 OSU Shop 

  
Revision Hardware 

  

 

   

15a Springs 1 $0.00 $0.00 $0.00 
Hardware 
Store 15a Springs. Donated 

15b Misc. Hardware 1 $0.00 $0.00 $0.00 
Hardware 
Store 15b 

Misc. Hardware 
donated 

15c Calibration wire 1 $0.00 $0.00 $0.00 Craft Store 15c 
Calibration wire 
donated 

Electronics & Electronic Hardware 
  

 

   

16 
Dual-position Backplane 
- OM-5-BP-2-C 1 $64.00 $64.00 $64.00 Omega 

  

17 

Strain gage signal 
conditioners - OM5-
WBS-2-C  2 $180.00 $360.00 $360.00 Omega 

  

18 
Mounting Clip - OM7-
DIN-WSF 1 $7.00 $7.00 $7.00 Omega 

 

Mouting clip for 
OM5-BP-2-C 

19 
Power Supply - TR1515-
A-12A03 1 $13.86 $13.86 $0.00 Mouser 

 

7.5V, 500 mA. 
Donated. 

20 
2.5mm Power Jack - 
KLDX-0202-B 1 $0.43 $0.43 $0.56 Mouser 

  

21 
Power Switch - 
600SP1S3M1QE 1 $2.86 $2.86 $2.86 Mouser 

 

Contacts rated 1A 
at 15V minimum 

22 
5V Voltage Regulator - 
L7805ACV 1 $0.67 $0.67 $0.67 Mouser 

  23 0.33 uF Cap 1 $0.03 $0.03 $0.03 Mouser 
 

50V minimum 

24 10 uF Aluminum Cap 1 $0.03 $0.03 $0.03 Mouser 
 

35V minimum 

25 Power LED 1 $0.06 $0.06 $0.06 Mouser 
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Line Item Qty 
Cost 
Ea. Est. Cost 

Final 
Cost Source 

Mfg. 
Plan Notes 

26 1 kOhm, 1/4 W Resistor 1 $0.00 $0.00 $0.00 IEEE store 
  27 Headers 1 $0.11 $0.11 $0.11 Mouser 
  

28 
BNC connectors - 1-
1337543-0 2 $1.99 $3.98 $3.98 Mouser 

 

Must have 
insulated collar.  

29 Proto Board 1 $5.00 $5.00 $1.00 IEEE Store 
  

30 
Case - Hammond 
1411MU 1 $8.90 $8.90 $8.90 Mouser 

  

31 
#6-32x3/8 Female 
Standoff 2 $0.17 $0.34 $0.34 Mouser 

  32 #6-32x3/16 Bolt 6 $0.00 $0.00 $0.00 OSU Shop 
  

33 
Female DB-9 
Connectors 2 $0.65 $1.30 $1.34 Mouser 

  34 Male Backshell 2 $2.37 $4.74 $4.74 Mouser 
  35 Male DB-9 Connectors 2 $0.65 $1.30 $1.30 Mouser 
  

36 #4-40x1/4 M-F Standoff 4 $0.37 $1.48 $1.48 Mouser 
 

Standoffs for DB-9 
Connectors 

37 #4-40 Nut 4 $0.00 $0.00 $0.00 OSU Shop 
  

38 
BNC Cable - 10 ft, 50 
ohm. 2 $11.69 $23.38 $23.38 Mouser 

 

10-15 ft x 50 ohm, 
M-M.  

39 
Schotkey Diode – 
MBR150G 1 $0.27 $0.27 $0.27 Mouser  

1A forward current 
= 0.65 V drop; 50 V 
reverse bias 

40 Shipping - Mouser 1 $6.00 $6.00 $6.75 
   41 Shipping - Omega 1 $8.00 $8.00 $8.00 
   Total Cost: 

  

$2,010.74 $1,978.26 
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10.  APPENDIX C: PART DRAWINGS 

This section presents detail drawings of all the parts and assemblies to be created by the project. The following 

drawings are presented: 

 Drawing – Mechanical Assembly 

 Drawing – Flexure (2 pages) 

 Drawing – Pitching beam 

 Drawing – Shield 

 Drawing – Wing Attach Bar 

 Drawing – Electronics case cutouts 

 Schematic – Electronics 

 Schematic – Program flow 

 Futek LSB200 Datasheet 

 Omega OM5-WBS-2-C Signal Conditioner Datasheet 



 66 
 



 67 



 68 



 69 



 70 



 71 
 



 72 

  



 73 

 



 74 



 75 
 

Implemented in 

final design 

Not implemented 

in final design 
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11.  APPENDIX D: FABRICATION PLANS 

This section presents the fabrication plans for the various parts we will fabricate. Because the machinists who 

will be doing the work are most comfortable in Standard units, the units for this section deviate from the 

consistent SI units in the remainder of the document. 

 

1. Flexure Mechanism: 

 

Designed by our group, but contracted out to a wire EDM vendor to meet tolerancing requirements. No 

additional fabrication is anticipated. 

 

 

2. Shielding: 

 

 Materials: 

o Sheet of Plexiglass 

o 0.7-in diameter round ball 

 

Plans: 

o Cut the plexiglass into the preform pattern (as shown on drawing). 

o Apply heat to Plexiglass sheet using boiling water, oven, or blowtorch, in order to bend the sheet 

in half with a rounded edge per drawing.  

o In a similar manner, bend the bottom flanges in towards each other, forming the bottom round on 

the shield. 

o In a similar manner, bend the trailing edge flanges in towards each other, forming the trailing 

edge of the shield. 

o Cut the ball into quarters and adhere two of these quarter pieces to the front and trailing open 

corners of the shielding using adhesive glue or epoxy. 

o Drill the necessary holes as shown in the drawing to attach the shielding to the flexure 

mechanism. 

 

3. New Hinge Link: 

 

 Materials: 

o 0.5x0.875x8 in Aluminum bar stock 

 

Plans: 

o Mill raw material to final outer dimensions. 

o Clamp the part in the mill 0.875x8-face up and mill slot, pitching hole, and profile along that 

axis. 

o Turn the part 90° in the mill vise so that the 0.5x8 face is upwards and the right-most 3 in of the 

part extend beyond the vice edge. 

o Cut the profiles on the right side, as well as the holes. 

o Re-clamp the part such that the lower left profile can be machined and perform the operation. 

o Deburr all sharp edges. 

 

4. Wing Mounting Bar: 

 

 Materials: 

o 0.625 in dia x 5 in. Aluminum rod stock 
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Plans: 

o Turn the part to final diameters. 

o Clamp the part in a mill, with the right-most 1 in extending. 

o Mill the two flat portions with an end mill per drawing. 
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12.  APPENDIX E: KNOWN ISSUES, WARNINGS AND RECOMMENDATIONS 

 

Because of the brevity of the Senior Capstone project, it is frequently the case that although a great deal is 

accomplished during the 6-month project period, each successive student team produces a new list of loose ends 

that could not be addressed in the time available. This project was no different, but instead of letting the loose 

ends fall by the wayside, it was decided that a list of known issues should be compiled, along with the things the 

team wishes they had had time to do and explore. Some of the items on this list are critical to any user of the 

system; we here describe some of the eccentricities of our device with the hope that we can save future users 

many hours of head-scratching. 

12.1. Known Issues 

In this section, we describe all the known issues related to the broader wing/measurement/support system 

we encountered in the development of the physical portion of the project (the CFD model’s known issues 

are discussed in a separate CFD Technical Note). 

 The heaving and pitching control program incorrectly reports current angle and heaving height. 

In the process of replacing the servo control motors, the accuracy of the calibration of the wing 

control program was compromised. Pitching reads low by approximately 2° and the heaving scale 

is too large by about 10%. 

 The heaving and pitching servos jerk. 

For unknown reasons, at odd intervals the pitching and heaving servos are prone to jerk violently, 

even when sitting otherwise still. This phenomenon has been correlated with high computer load, 

as well as with high load on the power supply. Adding 100,000 μF of capacitance across the power 

supply seemed to help alleviate this problem, but the capacitors used were the personal property of 

one of the students, so they are not left with the project. 

 The heaving and pitching servo motion is not smooth. 

The update rate of the servo motors and heavy physical loads cause the servo motors to move in a 

jerky motion in some cases. The addition of springs to the pitching and heaving mechanism helps 

by decreasing the load on the servos, but it also interacts with the device during pitching, adding to 

the jitter. 

 Measurement system calibration requires Case 1 to be performed first. 

The measurement system LabVIEW code that calibrates the system is designed such that case 1 

(no load) must be the first case run. Otherwise an error occurs. 

 

12.2. Warnings 

In this section, we describe a few points of caution related to the system. Failure to follow some of these can 

result in significant damage to the heaving servos and/or measurement system. 

 Never stall the servo motors. 

Never allow the servo motors to stall. This has caused motor burn-out requiring servicing of the 

motors. 

 Never switch the servo control wires. 

If the servo control signals are switched, the motors run into hard stops and stall, breaking them. 

 Always be careful to connect the servo control wires with the correct polarity. 

The servo control wires must be black-black, red-red, yellow-white. Switching the polarity will 

blow up the servo motor. 
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 Don’t over-load the measurement system.  

The measurement system should be safe to 100 lb lift/drag, but don’t push it. 

 When transporting or storing the measurement system, dis-engage the load cells. 

The load cells can be disengaged from the flexure by tightening the pretension bolts so they retract 

into the load cell body. This ensures that during transport, the servos remain undamaged. 

 When connecting the lift and drag measurement BNC cables to the DAQ, 

ensure that one port’s switch GS/FS switch is set to GS and the other to FS. If both are the same, 

the readings are compromised. 

12.3. Recommendations for Future Work 

In this section, we describe a few aspects of the project that were not pursued but which the authors believe 

should be. 

 Check the grounding configurations. 

The signal conditioning unit provides several different options for grounding various portions of 

the device. An experiment should be run that checks for advantages in noise floor of a few 

different configurations to see if manipulating the ground path can decrease the noise perceived by 

the system. Additionally, a shunt resistor (100 ohm should work) between the shield of the load 

cell cable and ground should be included. Because the wing is electrically isolated in the wind 

tunnel, it is prone to develop a static charge. Charges of > 35 V will break the signal conditioning 

unit. 

 Check the performance of the flexure under extraneous loading conditions. 

One check that should have been performed but time prevented was to evaluate the behavior of the 

system under extraneous loading, including out-of-plane forces and moments. 

 Changes to the wiring for the pitching and heaving controller. 

The current wiring scheme used for the pitching and heaving mechanism is effective but clunky 

and easily tangled and confused. In addition, the performance of the servo motors suffers because 

instantaneous currents are so high that significant voltage drops develop across the 15’ wires, 

resulting in under-voltage conditions 5% of the time. To resolve this, a capacitor should be added 

to the servo end of the circuit to buffer against these voltage surges. Such a capacitor should have a 

value of at least 5,000 μF. Finally, adding a fuse on each servo that blows if the servo stalls could 

be an effective method of protecting the servos from failure. 

 Addition of dampers to the pitching and heaving mechanism. 

The pitching and heaving stages would benefit from the addition of dampers to complement the 

springs and reduce the “bounciness” of the system. 

 Move the spring on the pitching arm further out.  

Adding an additional hole and moving the pitching spring closer to the pitching servo on the 

pitching arm would increase the effectiveness of the spring in assisting the servo. 

 

 

 

 

 

 

 

 


